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Summary
Microbial thermal inactivation survivor curves (logio numbers plotted against time) have 
long been described as maintaining a strictly linear rate o f decline. However, much 
evidence exists which suggests deviation from log-linear kinetics does occur, and that this is 
not purely the result o f experimental procedure as contended by some authors. Here, the 
shape o f inactivation kinetics in Salmonella enteritidis was investigated. A  heat challenge 
method was developed which, as far as could be ascertained, was free from methodological 
artefacts influencing the shape o f survivor curves. High initial cell densities allied to 
sensitive enumeration resulted in biphasic survivor curves at 60°C. Tailing survivors 
accounted for approximately 1 in 105 o f  the initial population and possessed roughly four 
times the heat resistance. At temperatures 50 to 65°C, the presence o f  tailing prevented the 
use o f D-values to accurately describe death rates. However, describing survivor curves 
using a log-logistic model increased data-fit at all temperatures investigated.
The biphasic nature o f survivor curves was studied closely between 49 and 60°C. It was 
observed that the extent o f tailing was temperature-dependent; as temperature decreased, 
linearity increased such that at 51°C, survivor curves had no tailing. Studies using S. 
typhimurium and S. senftenberg 775W  revealed similar kinetics. In these salmonellas, 
survivor curves demonstrated linearity at 54 and 57°C, respectively.
The influences o f culture age and growth rate on the shape of 60°C-inactivation curves were 
also investigated. Batch-cultured Senteritidis  cells o f various maturities gave rise to 
survivor curves of differing heat sensitivities. Exponentially growing cells were shown to 
be the most heat sensitive, while late-stationary phase cells were the only populations to 
result in non-tailed survivor curves. Carbon-limited continuously cultivated cells
S u m m a ry
demonstrated similar biphasic inactivation kinetics. Predictably, the slowest dilution rate 
corresponded to the greatest heat resistance. Starved cells produced linear inactivation 
kinetics that were virtually identical to those o f late-stationary phase batch-cultured cells. 
That tailing in batch cultures was similar to chemostat populations, indicated that possible 
differences in growth rates in batch-cultured cells could not account for tailing. 
Furthermore, growth was necessary for tailing to be observed.
Investigations into the cause o f tailing revealed that these cells were not genetically distinct 
from the majority population. Instead, it is believed that tailing cells arise following the 
expression o f heat-shock proteins during heating. Partial inhibition o f de novo protein 
synthesis during heating resulted in much reduced levels o f tailing. It is proposed that the 
temperature o f inactivation determines the proportion of cells capable o f expressing a heat- 
shock response, such that the temperature at which linearity is achieved corresponds to the 
point at which all cells are fully heat-shock protected.
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Chapter 1 Salmonella & gastroenteritis
1 . 0  S a l m o n e l l a :  o c c u r r e n c e ,  e p i d e m i o l o g y ,  p a t h o l o g y  
a n d  t h e  f o o d  i n d u s t r y
1.1 The organism
1.1.1 General characteristics
Salmonella are typical members o f the Enterobacteriaceae family, being described as Gram- 
negative, oxidase negative, catalase positive, straight-sided rods that do not sporulate. They 
measure 0.7 to 1.5 X 2 to 5 pm  and are motile by peritrichous flagella, though there are 
examples of non-motile serotypes; S. gallinarum and S. pullorum are always non­
flagellated. Salmonella are facultative possessing both respiratory and fermentative 
carbohydrate metabolism capabilities (Le Minor, 1984; Vamam & Evans, 1991). Being 
mesophilic, salmonella grow optimally at around 35 to 37°C (El-Gazzar & Marth, 1992) and 
possess lower and upper cardinal temperatures in the region o f 5°C and 45°C respectively 
(Simonsen et al., 1987). Low temperature growth, especially below 7°C is particularly 
serotype and strain dependent (Matches & Liston, 1968).
1.1.2 Taxonom y o f  salm onella
Salmonella may be separated from other closely related enterobacteriaceae on the basis o f  
biochemical tests and these can be readily performed using identification kits such as the 
API 20E ® as marketed by bioMerieux (UK) Ltd, Basingstoke, UK  (Adams & Moss, 1995). 
The essential biochemical distinguishing characteristics o f salmonella are outlined in Table 
1.1.
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Table 1.1 Differentiation of Salmonella from other members of the Enterobacteriaceae.
Salmonella Shigella Citrobacter Edwardsiella
P-galactosidase ~a + /-  +
Arginine + /-  -  + /-
dihydrogenase
Lysine +  - - +
decarboxylase
Ornithine +  -b + /-  +
decarboxylase
Simmonn’s +  - +
citrate
H2S production +  -  _/+ +
Acid from:
Lactose -a -c + /-
Dulcitol + /-  - - /+
M elibiose +  _/+
Sorbitol +  - /+  +
Xylose +  -  +
Motility +  - +  +
Reactions for Salmonella  are based on those serovars which are of importance in food poisoning. 
a S. arizonae and strains of some other serovars are positive. 
h Sh. son n ei  is usually positive.
c Delayed fermentation is a feature of some strains of Sh. sonnei.
(Adapted from Vamam & Evans, 1991.)
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Distinguishing individuals within the genus Salmonella cannot be based on variations o f  
metabolism between species because the genus is composed o f very closely related 
organisms. If it is taken that bacterial species are related when DNA:DNA hybridisation is 
70% or higher, then the genus Salmonella has be considered to be a single species (Le 
Minor, 1984). Within this group, designated Salmonella enterica, seven distinctly 
related subspecies have been identified; enterica, salamae, arizonae, diarizonae, houtenae, 
bongori and indica (Le Minor & Popoff, 1987). Following this system, as an example o f  
precise nomenclature, S. typhimurium would be reported as S. enterica subsp. enterica 
serovar typhimurium (Vamam & Evans, 1991). For simplicity, Salmonella reported here 
will be identified in the accepted manner as described by the Kauffman-White (Kauffman, 
1966) typing scheme.
Differentiation within the genus is determined, as indicated, by the Kauffman-White 
scheme. Typing is based primarily on the characterisation o f three surface antigen groups; 
O (somatic), V i (capsular) and H (flagellar) (Le Minor, 1984). Common serotypes, e.g. S. 
enteritidis, S. typhimurium and S. virchow, and those that are clinically important, e.g. S. 
typhi, can be subdivided into numerous strains (Threlfall & Chart, 1993). Serotypes that 
possess the Vi antigen, such as S. typhi, can be characterised using a set o f bacteriophages 
adapted from the Vi-II phage o f Craigie and Yen (1938). Other phage typing methods have 
been successfully developed for serotypes important in food poisoning, e.g. S. typhimurium 
(Scholtens, 1962), S. enteritidis (Ward et al., 1987), S. virchow (Chambers et al., 1987). In 
some serotypes many individual strains have been identified in this way, for example S. 
montevideo has been discriminated into 81 phagovars (Vieu et al., 1981).
The serotype S. enteritidis is o f special importance in human salmonellosis. Since 1988 it
(or
has been the most commonly isolated salmonella responsibleAdisease in England and Wales
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(Chart et al., 1989). Based on the phage typing developed by Ward et al. (1987) numerous 
strains have since been identified, many o f which are associated with poultry and poultry 
products (Threlfall et al., 1993). Interestingly, certain phagovars display the ability to alter 
then* phage sensitivity. For example S. enteritidis phage type (PT) 4  has been shown to 
spontaneously give rise to S. enteritidis PT7 following the irreversible loss o f the ability to 
express long-chain lipopolysaccharide (Chart et al., 1989). Likewise, S. enteritidis PT4 may 
also be converted to PT24 following the acquisition o f incompatibility group N  plasmids. 
These plasmids code for antibiotic resistance against ampicillin, streptomycin and 
tetracyclines (Threlfall etal., 1993).
1.2 Salmonella: incidence and epidemology
1.2.1 Salm onella in the environm ent
Salmonellae are zoonotic organisms that are widespread in the environment and the guts o f  
warm-blooded animals, birds, reptiles, amphibians and arthropods (Baird-Parker, 1990; El- 
Gazzar & Marth, 1992). In carrier animals where they are harboured as commensal 
organisms in the intestinal tract and associated organs, they are continuously excreted in 
high numbers through faeces into the environment. The infection usually causes very little 
disease or is totally asymptomatic in the host. Outside the intestinal tract the organisms will 
not grow readily in soil or water but, depending on conditions, e.g. temperature and water 
availability, their survival may be relatively prolonged; up to many months (The 
Microbiological Safety o f Food Part I, 1990), allowing opportunity to be ingested into a 
suitable host. The dispersal o f sewage and slurry into estuarine/coastal waters and land also
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permits the cycling o f salmonellae between the environment and their hosts; animals and 
humans (Figure 1.1).
1.2.2 Salm onella incidence in farm ed dom estic  anim als
Food animals become infected with salmonella in three main ways; by direct contact with 
clinically ill or asymptomatic carrier animals, by the consumption o f contaminated feed or 
water, and from the environment including contaminated buildings and pasture, and from  
wild birds and mammals (The Microbiological Safety o f Food Part I, 1990).
Effluent, slurry
Imported anim als 
and vegetable 
protein
Products ea 
by anim a
ten
s
Meat/bone meal, 
dried poultry 
waste
Offal
Fig. 1.1 Salmonella reservoirs in the environment and wildlife and their transmission to 
domesticated animals and man (reproduced from; Baird-Parker, 1990).
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Although all farm livestock may potentially be infected with salmonella, contamination o f  
beef and lamb carcasses after slaughter is generally less than 1%, with higher rates o f 
contamination on pig carcasses (Mackey, 1989). Poultry, with chickens and associated 
products in particular, are by far the greatest potential source o f salmonella tr ansmission to 
humans. A  Dutch study reported that salmonella may be present in up to 25% o f all broiler 
flocks (birds up to three months old for consumption as poultry meat), with 4% o f these 
birds in these flocks carrying the organism. This increases, on average, to about half o f  
broiler carcasses by the time they leave the abattoir. Contamination o f individual batches 
may approach 100% (The Microbiological Safety o f Food Part I, 1990).
Table 1.2 Salmonella incidents* reported under the Zoonoses Order for fowl in the UK between 
1977 and 1988.
Salmonella
serotype 1977 1978 1979 1980 1981
Year
1982 1983 1984 1985 1986 1987 1988
en teritid is 7 20 10 7 8 8 1 0 15 36 111 401
typhimurium 37 110 116 176 77 58 92 135 96 130 92 78
others 402 749 953 1250 647 550 421 311 345 353 294 359
Total 446 879 1079 1433 732 616 514 446 456 519 497 838
* An incident is an isolated case or an outbreak of cases in a flock. 
(Adapted from; The Microbiological Safety of Food Part 1, 1990.)
A number o f serotypes, e.g. S. enteritidis, S. typhimurium, S. thompson and S. menston, may 
have become host adapted to chickens, being capable o f causing disseminated infection 
leading to colonisation of organs o f the viscera (Anon, 1988). However, it is the serotype S. 
enteritidis which has been most problematic for the poultry industry. Incidence o f S. 
typhimurium in fowl has remained fairly constant as reported under the Zoonoses Order for
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the UK, whereas the number o f S. enteritidis incidents saw a dramatic increase from 1986 
onwards (Table 1.2).
Increase in the incidence o f S. enteritidis in fowl has not been confined to the UK  alone. 
Similarly, during the mid- to late-1980s, available data suggests that other developed 
western countries both sides o f the Atlantic also saw unexpected rises in the number o f fowl 
carrying S. enteritidis (Advisory Committee on the Microbiological Safety o f Food, 1993; 
World Health Organisation, 1989). In the UK, it is PT4 that has been predominantly 
responsible for infections, accounting for more than 80% o f incidents (Coyle et al., 1988).
The reason for the emergence o f S. enteritidis in fowl has been the subject o f much 
speculation (Hinton & Bale, 1994). As mentioned earlier, it is not unique in its ability to 
infect chickens and there is little evidence to suggest that this serotype has a specific 
predilection for the genital tract o f hens where vertical transmission between parent and 
offspring occurs. There are suggestions though, that recent isolates o f S. enteritidis may be 
more invasive than those o f 10 years ago (Hinton et al., 1990), however, Hinton & Bale 
(1994) reported that compared to S. typhimurium, S. enteritidis is a less invasive organism. 
Clearly, there would appear to be insignificant differences between serotypes and strains to 
account for the S. enteritidis epidemic witnessed during the past decade, and so it would 
seem  that the cause must lie elsewhere.
It has been suggested that the organism may have entered the poultry breeding population 
via contaminated feedstuffs allowing it to invade ovary and oviduct tissues permitting 
vertical transmission. Furthermore, the selective breeding o f elite stock birds at the top of  
the breeding pyramids for both egg and meat producing fowl may have resulted in an 
increased susceptibility to infection, though such a claim is unsubstantiated (Advisory
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Committee on the Microbiological Safety o f Food, 1993). Prior to the introduction o f the 
Processed Animal Protein Order 1989 (Hinton & Bale, 1994), the processes employed for 
the manufacture o f feedstuffs from animal (including infected birds), vegetable and fish 
materials w?r<2. insufficiently regulated, without basic guidelines on measures for the 
elimination o f pathogens from the final product (Baird-Parker, 1990).
Once an infection is present in a flock, cross infection and a sustained contamination o f the 
environment are likely to ensure a majority o f birds will pick up the organism at some point 
in their lives. A  further increase in the incidence o f salmonellas in birds occurs during 
slaughter. There are numerous stages, e.g. scalding, plucking and evisceration, during 
which cross infection between carcasses is a very high possibility. (The Microbiological 
Safety o f Food Part I, 1990).
It must be assumed then, that the epidemic o f S. enteritidis in poultry was aided by the 
organism’s ability for vertical transmission combined with presence o f a number of  
horizontal transmission routes. The most significant of these was almost certainly the use o f  
contaminated animal protein feed.
1.2.3 Infection rou tes to  h u m a n s
There are two groups o f pathogenic salmonella in humans, these being those that cause 
typhoid and paratyphoid, and those that cause enteritis (non-invasive) infections. Typhoid 
or enteric fever has not been mentioned in the context o f farmed livestock as it is chiefly 
associated as a water-borne illness, although there have been a number o f notable incidents 
where asymptomatic carriers handling foods have been at the centre o f outbreaks, e.g. 
Typhoid Mary (Vamam & Evans, 1991). With improvements in potable water quality
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throughout the developed world, endemic typhoid is now confined to the poorer developing 
and third world countries.
Transmission of food poisoning salmonellae to humans can, like typhoid, occur through the 
consumption o f contaminated water, but in developed countries this is rare. O f greatest 
concern here is the incidence o f salmonella infection through contaminated foodstuffs. 
Unlike campylobacterosis, where the Campylobacter pathogen is generally unable to grow in 
foods, salmonella can, given the opportunity through temperature abusive storage, multiply 
to dangerous levels in foods o f high water activity and neutral pH. Many products have 
been associated with salmonellosis in humans.
1.2.3.1 Milk and dairy products: Raw milk is inevitably contaminated with salmonella 
and so it is unsurprising that the consumption o f raw milk is a recognised risk factor for 
salmonellosis world-wide (Vamam & Evans, 1991). Scotland has been particularly notable 
for the prevalence o f salmonella in raw milk and the advent o f mandatory pasteurisation has 
largely eliminated this problem (Sharp, 1986). However, large outbreaks of salmonellosis 
have been linked to pasteurised milk. In the UK, the pasteurisation process is tightly 
legislated under the Milk (Special Designation) Regulations 1989 (The Microbiological 
Safety o f Food Part n , 1991) and is sufficiently thorough to inactivate all Salmonella 
serotypes. Pasteurised milk becomes a vehicle o f infection when process procedures fail, 
commonly it is post-pasteurisation contamination that is responsible. Dried milk intended 
for consumption by infants was found to be the source o f a major outbreak of S. ealing in 
the UK in 1985. Contamination o f the powder arose from residual salmonellas lining the 
unit employed during the evaporation procedure, after the original milk had been 
pasteurised. (Vamam & Evans, 1991).
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Fermented dairy products have been linked with salmonellosis. Again, the recommended 
use o f pasteurised milk for fermentation has reduced the incidence o f salmonellosis. Where 
such products are linked with salmonella, contamination is usually the cause. Normally, the 
fermentation is bactericidal, especially in yoghurt and soft cheeses, hence pastemisation is 
not obligatory for these products. Lowering o f pH and production o f lactic acid w ill inhibit 
or inactivate salmonellas (El-Gazzar & Maith, 1992).
1.2.3.2 Meat and m eat products: The incidence o f salmonella in farmed livestock has 
been previously described. Red meat animals may or may not be carriers and contamination 
rates o f carcasses will largely depend on the hygiene practices o f the abattoirs. Salmonella 
infections arising from meats, excluding those products that are consciously consumed raw, 
are either the result o f insufficient cooking or contamination from infected raw foods or as a 
result o f poor hygiene and storage practices following cooking (Vamam & Evans, 1991).
1.2.3.3 Poultry and eggs: Chickens have previously been identified as major carriers of 
salmonella, but other farmed fowl are also renowned for passing infections on to humans, 
indeed the duck egg industry largely declined in the late seventies because o f their 
association with contamination by salmonella (Anon, 1988). Chickens and hen eggs have 
however, received greatest attention as they form the largest market in the poultry industry. 
Chicken carcasses if  not already infected may become contaminated during slaughter, with 
the body cavity, giblets and skin all being a potential sources o f salmonella. Transmission 
to humans arises from undercooking, especially o f frozen/thawed birds, and incorrect 
practices resulting in the cross-contamination of cooked produce by the consumer or 
butcher. Cross-contamination occurs in a number of ways, these commonly being, drip loss 
onto cooked meats/vegetables and salads, transfer o f salmonella on work surfaces and
10
Chapter 1 Salmonella & gastroenteritis
utensils, and poor personal hygiene (e.g. hand washing) between handling raw and cooked 
foods (The Microbiological Safety o f Foods Part II, 1991).
Hen eggs became synonymous with salmonella in the late eighties, notably with the possibly 
misleading statement released by the then junior Government Minister for Health, Mrs 
Edwina Currie, suggesting all eggs were potentially contaminated with salmonella (Hinton 
& Bale, 1994). Surface soiling o f shell eggs with infected faeces can result in 
contamination o f the contents. Cracks or temperature variation during storage allowing the 
formation o f condensation, permitting the mobilisation o f salmonella through pores, may act 
as routes o f entry. However, the cuticle membrane directly beneath the shell, when 
undamaged, is an effective barrier against microorganisms. Shell soiled contamination o f  
the contents is most likely to occur when the egg is broken for cooking.
The presence o f salmonella within the contents poses greater risks. Salmonellas can be 
incorporated into the egg contents during its development within the oviducts. However, 
there is conflicting evidence on where the bacteria become deposited. Infection o f the ovary 
can give rise to yolk infection but this is likely to give rise to sterility in the bird (Advisory 
Committee on the Microbiological Safety o f Food, 1993). Albumen appears to be a more 
common site o f infection, though numbers are very small. Figures indicate that 0.6% of 
eggs from infected flocks may be contaminated and the numbers per egg are less than 10 
(Humphrey et a l 1989a; 1991), Fresh albumen is not a favourable growth medium for 
salmonella, the alkaline pH combineiwith antibacterial agents, such as lysozme, and the lack 
o f iron make for an inhibitory environment. Given ambient storage (20°C) numbers o f  
salmonella will remain static and it is not until three weeks o f storage that the antibiotic 
properties o f albumen begin to deteriorate, permitting the multiplication o f salmonellae. It 
is therefore recommended that eggs are consumed within three weeks o f lay and stored
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below ambient in a dry environment (Advisory Committee on the Microbiological Safety o f  
Food, 1993).
Shell contamination has already been cited as a means o f transfer o f salmonella to people. 
Similarly, undercooking o f contaminated eggs presents a risk o f salmonellosis. Simulated 
cooking studies with artificially contaminated eggs have concluded that highly infected eggs 
would result in the survival o f salmonellae during all manner o f medium cooking methods, 
this included boiling for up to four minutes (Humphrey et al., 1989b). Commercially made 
products containing eggs which are eaten raw or lightly cooked require the use o f 
pasteurised egg.
1.2.3.4 Miscellaneous foods: Many foods other than those directly derived from fanned 
animals have been linked to salmonellosis. Shell fish for human consumption must be 
landed from approved grounds where water quality passes a standard of cleanliness 
(Vamam & Evans, 1991). Raw vegetables, particularly salads, are frequently associated 
with salmonella; the usual cause is cross contamination with raw meats during preparation, 
rather than contaminated vegetable matter, though this does occur when animal manure or 
dirty irrigation water are used (Vamam & Evans, 1991). Unsurprisingly, take-away doner 
kebabs are occasionally linked to community outbreaks, hygiene practices on such premises 
and mobile vans can present significant risks o f contamination (Synnott et al., 1993). 
Salmonella and chocolate have been associated in recent times. Cocoa beans may be a 
source o f initial contamination and if  insufficiently heated can end up contaminating the 
final product (Vamam & Evans, 1991). The low water activity o f chocolate may be 
insufficient to permit growth, but survival is important here. Furthermore, the high fat 
content is highly protective for salmonella, combating the acidic effects o f the stomach
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following ingestion. In view o f  this, incidences o f  chocolate-borne salmonellosis have 
required very low levels o f contamination.
1.2.4 Epidem iology o f  salm onella in the UK and other deve loped  countries
Food-borne salmonella infections in the UK have been reported since the early-l940s. At 
this time, routine reporting o f  laboratory isolations to the Public Health Laboratory Service 
(PHLS) began. Similarly, national collection o f  data on notifications o f  food poisoning by 
the Office o f  Population Censuses and Surveys (OPCS) started in the late-1940s.
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Fig. 1.2 Formal notifications o f  salmonellosis in England and Wales, 1941-1988. Total 
confirmations; (— -), typh im u rium  serotype; (— -), other serotypes; (— -). (Adapted from: The 
Microbiology Safety o f  Foods. I, 1990.)
The first peak in the 1950s would have initially been affected by reporting practices as the 
system was set up, but the increase in S. typhimurium isolates suggested that this was the 
first upwards trend in the incidence o f  salmonellosis (Figure 1.2). This initial increase has
13
Chapter 1 Salmonella  <5 gastro-enteritis
been attributed to changes in animal husbandry, consumer consumption, de-rationing o f  
food following the war, and the de-regulation o f  abattoirs.
Decline in the 1960s was seen as the likely result o f compulsory pasteurisation o f  bulk 
liquid egg products and to a lesser extend the heat treatment o f  desiccated coconut. The 
rise o f  incidences in the late-1960s and early-1970s has been attributed to increased 
infections in poultry by previously unrecorded serotypes such as S. agona and S. habar. A 
further rise at the end o f  the 1970s has been associated with the infection o f  cattle by S. 
typhimurium, along with anincrease in milk-borne infections. The final and unprecedented 
rise during the mid-1980s accounted for chiefly by S. enteritidis PT4 was the result o f  
poultry flock infection and subsequent infection o f  egg-based foods (The Microbiological 
Safety o f  Foods Part I, 1990).
Year
Fig. 1.3 Fonnal notifications o f  salmonellosis in England and Wales, 1981-1996. Total 
confirmations; (— ), typh im u rium  serotype; (— ■), other serotypes; (— -), all en te r it id is  serotypes; (— -), 
en te r it id is  PT4; (— ). (Data courtesy o f  PHLS, Colindale, London, UK.)
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In depth analysis o f the data since the early-1980s to the present, reveals the extent that PT4 
has predominated in salmonellosis incidents. During this period, illness caused by S. 
typhimurium remained fairly constant with little overall rise. Again, detection o f other 
serotypes, excluding S. enteritidis, remained constant. The increase in S. enteritidis (PT4 in 
particular) in poultry infections is universally agreed to be the cause o f the enormous rise in 
salmonellosis from 1985 onwards (Threlfall & Chart, 1993; Figure. 1.3).
Table 1.3. U K  legislation introduced to control the incidence o f  salmonella in poultry.
1. Poultry Breeding Flocks and Hatcheries (Registration and Testing) Order 1989
2. Poultry flocks, Hatcheries and Processed Animal Protein (Fees) Order 1990 as amended 
1991
3. Poultry Laying Flocks (Collection and Handling and Control o f Vermin) Order 1989
4. Poultry Laying Flocks (Testing and Registration, etc.) Order 1989 as amended 1990
5. Testing o f Poultry Flocks Order 1989
6. Zoonosis Order 1989
7. Processed Animal Protein Order 1989
8. Ungraded Eggs (Hygiene) Regulations 1990
9. Poultry (Seizure o f Hatching Eggs) Order 1990
(Reproduced from Hinton & Bale, 1994.)
Following the advent o f the S. enteritidis epidemic in commercial broiler and laying flocks, 
measures were introduced in 1989 on the recommendations o f the Advisory Committee on 
the Microbiological Safety o f Foods. These are summarised in Table 1.3, and importantly it 
was ordered that all laying flocks infected with S. enteritidis or S. typhimurium were to be
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slaughtered. Together with controls on animal feed, these measures were intended to reduce 
the incidence o f salmonella in broilers and eggs.
The success o f these measures is debatable. Since their introduction total reported
salmonella infections have levelled at around 30,000 per annum from 1989 onwards. The
incidence o f S. enteritidis has similarly levelled off but there remains high levels o f
variation year on year. The years 1993-1994 saw a significant drop in S. enteritidis
infections, unfortunately, this had little effect on total infections, as the same period saw an
increase in the incidence o f S. typhimurium and other serotypes. It is unlikely that
salmonella can ever be eradicated from food animals so control o f salmonella has to lie
ultimately with the hygiene and culinary practices o f food product manufactures and moreA
importantly, the consumer.
The S. enteritidis problem is not only confined to UK; similar situations have arisenin other 
EU countries, North America and other countries as diverse as Argentina and Japan 
(Advisory Committee on the Microbiological Safety o f Food, 1993; Baird-Parker 1990). In 
Europe, S. enteritidis has been the commonest reported serotype in Austria, Bulgaria, the 
former Czechoslovakia, Finland, France, Germany, Hungary, Norway, Poland, Romania, 
Spain and Switzerland (World Health Organisation, 1992). Differences in the predominant 
PT between countries is particularly evident when USA and Northern Europe are compared. 
In 1991, 84% o f UK S. enteritidis isolates were PT4 (Anon, 1992). In the US, the 
predominant strain is PT8, accounting for 61.6% of outbreaks studied by the National 
Salmonella Reference Laboratory (CDC) between 1986 and 1992 (Usera et al., 1994). 
Phage type 4 is only rarely associated with infections in the USA  (Threlfall & Chart, 1993).
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Costs o f outbreaks o f salmonellosis are difficult to identify directly, these include loss o f  
earnings, diagnosis and investigation costs, recall and destruction costs o f identified 
contaminated foods (Baird-Parker, 1990). Estimates for the USA are in the region o f US$
1.4 billion per year, equating to US$ 700 per case (Roberts, 1989). In a review by Roberts 
& Sockett (1994), UK  costs per patient were put at between £789 and £861. These figures 
included average costs incurred for hospitalisation. Total cost for salmonellosis in England 
and Wales in 1992 was put at between £350 million and £502 million, comparing 
population sizes, these costs are in line, though slightly higher than those incurred in the 
USA. Not included in these figures was the compensation cost to British farmers for losses 
associated with salmonella infection in animals and poultry; in 1989, the UK government 
paid out £98 2^95.
1.3 Salmonella infections in humans
1.3.1 Enteric fever
Among salmonella there are a limited number o f serotypes which are specifically adapted to 
humans and as a result are virtually non-pathogenic to animals. S. typhi, S. paratyphi A and
S. sendai often cause severe disease in man resulting in septicaemic-typhoidic syndromes 
(enteric fever). As mentioned previously, contaminated water is their usual mode of 
transmission and they are only endemic in developing countries where poor quality potable 
water is the prime cause (Varnam & Evans, 1991).
In contrast to gastro-enteritic salmonella food poisoning, typhoid salmonellae are highly 
invasive and involve systemic spread o f the organism beyond the intestinal tissues. After 
ingestion o f the organism (an infective dose can be less than 1,000 organisms), incubation
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will range from 8 to 28 days during which time the organism has traversed the intestinal 
wall and entered into the lymphatic tissues o f the abdomen. Symptoms then gather pace 
slowly with general fever as a bacteremia builds up. In the second week of symptoms, 
constipation or watery diarrhoea arise and prostration, cutaneous ‘rose spots’ and persistent 
abdominal pain are encountered. Following this stage, the symptoms may clear, with 
possible relapses or extend to a more serious illness in which intestinal perforation, 
osteomyelitis and meningitis are common. Following clearing o f symptoms, patients may 
be asymptomatic carriers passing the organism in urine and faeces for an extended period of  
months or years. Without antibiotic therapy, the fatality rate can be higher than 10% 
(D ’Aoust, 1991; Vamam & Evans, 1991).
Diagnosis o f typhoid depends on the isolation o f the organism from blood or bone marrow, 
as well as urine and faeces. Traditionally, treatment has been with oral chloramphenicol but 
the persistence o f carrier states with this drag has made it unpopular. Second generation 
drags include ampicillin and trimethoprim-sulfamethoxazole (TMX), but resistance to these 
is glowing and third generation cephalosporins and quinolones are now commonly used 
(D ’Aoust, 1991).
1.3.2 Salm onella gastro-enteritis
As an etiological agent o f microbial food poisoning, salmonella remain a leading cause, 
rivalling campylobacterosis as the commonest cause o f food-borne illness in developed 
countries. Of the 2,200 plus non-typhoid serotypes known world-wide, in the UK  
approximately 200 cause infections in any one year (Baird-Parker, 1990). The infective 
dose required to initiate illness will depend on the susceptibility o f the person; the very 
young and elderly are at higher risk than healthy adults. Typically, 10s to 106 organisms are
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required, though in extreme cases fewer than one hundred organisms have been involved in 
outbreaks. In such incidents, protective properties o f the contaminated food help combat the 
acidity o f the stomach, the body’s main defence against the ingestion of pathogens. 
Salmonellosis connected to chocolate has been linked to the protection afforded by the high 
fat content o f the product. In one such incident, the estimated dose for S. eastboume was 
put at approximately 1-2.5 X 101 organisms (Blaser & Newman, 1982).
After infection, the incubation period ranges from 8 h to 72 h with the onset o f abdominal 
pain, nausea and diarrhoea. The severity o f the symptoms largely depends on the health o f  
the individual and the virulence o f the infecting serotype. Within the large intestine, 
adhesion o f the organism to lumenal epithelial cells is necessary to initiate the disease 
process. Once attached, the cell is then internalised and it is understood that cytotoxins in 
the bacterial cell wall facilitate its release into the epithelial layer, ultimately allowing 
access to the lamina propria. Like Vibrio cholerae, salmonella are able to produce heat 
labile enterotoxins which have been demonstrated to induce an efflux o f water and 
electrolytes into the intestinal lumen o f ligated rabbit ileal loops. However, it is by no 
means certain that this is the cause o f diarrhoea in human salmonellosis. The adherence to, 
and penetration o f gut enterocytes leading to irriation o f the gut l  ining has also be^cited as 
another possible mode o f action (Vamam & Evans, 1991).
Highly virulent serotypes such as S. cholerasuis and S. dublin are much more invasive than 
the majority o f non-typhoid salmonella, and may reach further into deeper tissues, invoking 
a greater immune response but unlike typhoid salmonella, the infection is not systemic. 
With an effective immune response, salmonellosis is usually a self limiting episode, 
persisting for up to 5 days. A  carrier state may then occur for up to 2 months. Effective 
diagnosis is dependent on the isolation o f the pathogen from faecal samples, with treatment
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being in the form o f electrolyte replacement therapy. Fatality is uncommon but can occur in 
elderly patients in particular (D ’Aoust, 1991).
1.4 Laboratory methods for the isolation of salmonella from foods
There are numerous methods for the detection o f salmonella in foods but essentially, two 
techniques can be identified, these being the conventional cultural method (CCM) and a 
multitude o f rapid methods. The development o f rapid methods has arisen because CCMs 
are particularly time consuming and this can be inappropriate in situations where food  
batches are routinely tested prior to distribution to commercial suppliers.
1.4.1 The conventional cultural m e th o d  (CCM)
Isolation of pathogens from foods, unlike sick patients, requires a number o f steps to ensure 
results accurately depict the microbial content o f the tested product. Pathogens isolated 
from an infected individual are physiologically ‘fit’, that is growing actively. For this 
reason, they are capable o f resisting selective factors that allow the microbiologist to isolate 
and characterise them in the presence o f background flora. In the case o f salmonella, bile 
salts and desoxycholate act as suitable selective agents. A  food environment, on the other 
hand, is often not ideal for promoting the growth of the organism and the pathogen will be 
out competed by background spoilage flora. Furthermore, processing o f the material (e.g. 
heating, chilling, addition o f preservatives, pH and water activity adjustment) if  not killing 
pathogens, will damage their metabolism leading to a state described as sub-lethal injury. 
With the advent o f such injury, resistance to selective factors can be seriously reduced. To 
over come this problem, detection o f pathogens in foods involves an initial resuscitation 
step. In the case o f salmonella this is performed in buffered peptone water at 37°C.
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Sample
+
Pre-enrichment medium (Buffered Peptone Water) 
(incubate for 18 h at 37°C)
I
Selective enrichment
0.1 ml of 
culture
10 ml of 
culture
Rappaport-Vassiliadis 
(incubate at 4 2 °C  for 18-24h and 48 h)
Selenite-cystine broth 
(incubate at 3 7 °C  for 18-24h and 48 h)
Brilliant Green 
Modified agar
Plating-out 
on selective media 
(incubation at 
3 7 °C  for 24 h) 2nd medium 
e.g. XLD  or 
Bismuth Sulphite agar
Appearence of characteristic colonies
J
Streak on to Nutrient agar 
(incubate at 3 7 °C  for 24 h)
Biochemical confirmation 
(e.g. API20E, Vitek)
i
Serological confirmation
I
Salmonella present Yes/N o?
Fig. 1.4. Schematic o f  the conventional cultural method for the isolation o f  salmonella from foods 
(adapted from Adams & Moss, 1995).
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Following the revival o f injured organisms, elective growth is promoted in a selective 
medium designed to inhibit background microflora. Salmonella detection makes use o f  
selenite-cystine (SC) broth (at 37°C) and Rappaport-Vassiliadis (RV) broth (at 42°C). After 
a suitable incubation period, it is presumed that the pathogen is resuscitated and has 
multiplied up to a detectable level. The presence/absence is confirmed by streak plating 
each broth onto two selective solid media and after incubation, characteristic colonies 
maybe seen. For full confirmation these must then be picked off, plated onto a non- 
selective agar, grown and tested biochemically and serologically. This procedure for 
salmonella is summarised in Figure 1.4. Negative results from CCM can be obtained in 4  
days, for full confirmation o f potentially positive colonies on the selective media, 6 to 7 
days is required, longer than one working week, thus this is an expensive method in terms of  
labour though cheap on materials. (Adams & M oss, 1995; Ripabelli et al., 1997.)
1.4.2 Rapid  m e th o d s  for the detection  o f  salm onella
The duration of CCM is its great disadvantage even though results are accurate. With the 
advent o f immunological and molecular techniques, adaptation o f CCM has been the subject 
o f much investigation with some success. Although some methods can be applied directly 
to food products, e.g. fluorescence microscopy and DN A probe hybridisation, for such 
techniques to be successful, a high microbial load would need to be present, other w ise their 
detection limit would be unacceptably high.
A widely used alternative method is the combining of CCMs with rapid techniques. 
Commonly, following resuscitation a rapid enrichment or concentration step may be 
substituted for conventional enrichment/plating. Several commercially available procedures 
now exist and are widely employed in the food industry. Impedance detection methods, e.g.
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Bactometer® (bioMerieux UK Ltd, Basingstoke), Malthus® (Radiometer, Crawley, UK) and 
Rabbit® (Don Whitley Scientific Ltd, Shipley, UK), rely on the growth of the pathogen in a 
suitable selective medium following resuscitation, such that as growth occurs the electrical 
properties o f the medium change, allowing the detection o f a signal. Such techniques can be 
relatively unspecific though (Blackburn, 1993).
Immunomagnetic separation (IMS) is much more targetable. It relies on the binding of 
pathogen specific antigens to antibodies bound on magnetic particles. By the use o f a 
magnet, these particles can then be concentrated from the resuscitation broth, washed and 
plated directly on to a selective agar. Such kits are marketed by Dynal (UK) Ltd (Wirral, 
UK) and are available for a variety o f microorganisms including Salmonella (Ripabelli et 
al., 1997) and Campylobacter (Docherty etal., 1996).
Enzyme linked immunosorbent assays (ELIS As) work on similar principles in that pathogen 
antigens bind to complementary antibodies permitting the linked enzyme to perform a 
suitable redox reaction, changing the colour o f an indicator to demonstrate the presence o f  
the pathogen. An example o f an automated ELISA system is the Vitek Immuno-Diagnostic 
Assay System (VIDAS) marketed by bioMerieux (UK). This machine uses samples taken 
from a shortened selective enrichment o f the resuscitation medium, and following 
preparation of the material requires an assay time of 45 minutes, compared with 3 to 4  hours 
for conventional ELISA systems (Blackburn et al., 1994).
lead*
All these later methods are favoured as they are simple to operate and save on at^a day or 
more in through-put time for sample analysis. On the negative side, immuno-procedures 
still have fairly high detection limits (in the region o f 106) so resuscitation is necessary, and
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require high capital investments to purchase the automated systems (Vamam & Evans, 
1991).
1.5 Concluding remarks
Salmonellosis is still a major public health concern with the provisional number o f reported 
cases for 1996 running at 29,111 in England and Wales (personal communication, PHLS, 
Colindale, London, UK). Although in recent years, other food-borne pathogens have gained 
greater notoriety than salmonella (Escherichia coli 0157:H 7 and Listeria monocytogenes in 
particular), their incidence in comparison is negligible. Why salmonella should be so 
successful as a pathogen is easy to identify. It is extremely widespread in animals and the 
environment, thus all foods connected with the outdoors have potential for being 
contaminated with salmonella. The organism, although not especially tolerant o f low water 
activities and acidic/alkaline pHs, is not fastidious in its growth requirements and can 
readily survive drying. Thus, given adequately high temperatures (above 7°C) the organism 
will grow relatively rapidly in foods to levels above the required infective dose. 
Furthermore, humans do not develop immunity to infection as there are so many serotypes.
The only adequate method to safeguard against salmonellas in foods to be consumed as 
purchased, e.g. cold-meats and milk, is to heat treat the product. Being mesophilic 
vegetative organisms, salmonellae are relatively heat sensitive and pasteurisation at 65°C  
plus for a few minutes will easily kill the most heat resistant serotypes.
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2 . 0  T h e  t h e r m a l  i n a c t i v a t i o n  k i n e t i c s  a n d  p h y s i o l o g y  o f  
m i c r o o r g a n i s m s
2.1 Introduction
M oist heat is a very efficient destructive agent o f microorganisms (Rahn, 1945). In 
particular, vegetative mesophilic bacteria are quickly rendered non-viable at moderately high 
temperatures, that is above 60°C. Its ease o f application and relatively non-deleterious 
effects on food products, make heat (in the pasteurisation temperature range) an exceptional 
and very necessary tool for the production o f a wide range o f foods and beverages which are 
free from potentially harmful, human pathogens. Furthermore, in low-acid foods there will 
be an overall reduction in microbial contamination, allowing for increased product shelf life 
(Gould, 1989).
Although the use o f heat for food pasteurisation and sterilisation has been employed with 
universal success over the past fifty years and more, and is accepted by regulatory bodies 
world-wide (Cole et al., 1993; Gould, 1989), there are a number o f key questions emerging 
over the exact relationship between heat inactivation of both vegetative cells and spores and 
time and temperature. Moreover, no one solid theory exists to explain the kinetics o f thermal 
inactivation; no one theory has been given to explain how microorganisms die when heated, 
and the very nature o f inactivation kinetics have been increasingly called into question 
during recent years.
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2.2 Physiology of Thermal Inactivation
It is widely held that vegetative cells have four sensitive target areas which can be affected 
disadvantageous^ by heat. These are: the cytoplasmic membrane (inner and outer in Gram- 
negative bacteria); proteins: unbound and membrane bound enzymes, ribosomal-RNA  
associated, RNA and DN A associated; ribosomes; the cell chromosome and plasmids (Hurst, 
1977). It is likely that during heat exposure, all target groups will be affected to varying 
degrees, the severity o f which will be influenced by the temperature.
The effect o f heat on cell membranes has received considerable attention. It is well 
established that growth temperature has a major influence on the ratio o f unsaturated fatty 
acids to saturated fatty acids present in the membrane (Kates & Hagen, 1964; Marr & 
Ingraham, 1962). This is explained by the need to maintain membrane fluidity at low growth 
temperatures. It is reasonable then, to expect that when exposed to the other temperature 
extreme, regardless o f growth temperature, loss o f membrane constraint will occur as a result 
o f increased fluidity, akin to partial melting o f the lipid bi-layer.
This event is suggested to account for the increased leakiness o f cells exposed to heat. In 
extreme cases, membrane lysis may be the ultimate result. Spectrophotometric analysis 
reveals that membrane damage coincides with the loss o f 260 nm and 280 nm absorbing 
material identified as amino acids and low molecular weight nucleic acid materials, primarily 
derived from RNA breakdown products (Hurst, 1977; Iandolo & Ordal, 1966; Kenis & 
Mortia, 1968). There is also a definite loss o f inorganic ions, e.g. Na+, K+ and Mg2+, and 
lipids (Hurst, 1977). The correlation between leakage and cell death, though, has generally 
proved questionable, especially when it is considered that leakage events are detectable at 
normal growth temperatures. Studying Staphylococcus aureus, All wood & Russell (1967)
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noted a direct relationship between cell death and leakage up to 50°C, above which leakage 
decreased. Buffering against leakage by the addition o f 1 M sucrose almost completely 
prevented leakage at 37°C and 50°C but had no similar effects at 60°C. Moreover, Kenis & 
Mortta (1968) made an important distinction that the majority of leakage was post mortem 
and not actually the cause o f death.
Evidence suggests then, that membrane damage in the form of leakage is unlikely to be a 
significant lethal event (Gould, 1989). However, this is not to say that a viable survivor of 
heating does not need to effect repairs to lipid membranes in order to resume growth. 
Tomlins et al. (1972) reported that in sub-lethally injured Salmonella typhimurium, a three 
hour recovery period was required before normal tolerance to levine eosin methylene blue 
agar (2% NaCl) returned. During this growth/resuscitation phase, about 90% of the total 
lipid content was newly synthesised. O f these phospholipids, cardiolipin content was greater 
than in control cells, indicating a possible adaptive response.
Proteins are o f primary importance in cell function, they are the basis for all enzymes and 
provide structural scaffolding for nucleic acids. They are, in many cases, also highly 
sensitive to temperatures above their functional optimum. Traditionally, it was assumed that 
cell death resulted from the denaturation o f  intracellular proteins responsible for key 
metabolic processes. For instance, dehydrogenase enzymes o f S. typhimurium are known to 
be particularly heat sensitive (Hurst, 1977). However, it is now generally accepted that most 
enzymatic functions, within still viable cells, return to near normal levels after heating, 
although such sub-lethally damaged cells may require an extended resuscitation period 
before normal growth can resume. Proteins involved in the uptake o f cations, sugars, and 
amino acids are susceptible to damage, such that active transport is greatly diminished or
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even completely abolished in injured cells and apparently does not become fully functional 
in the repaired organism (Hurst et al., 1973).
Denaturation o f proteins that are intimately associated with nucleic acids may have greater 
significance in cell death during heat exposure. Heat induced conformational changes of  
these structural proteins may ultimately and irreversibly alter the structure o f the associated 
nucleic acid. This would be a particularly significant event in the chromosome as this could 
conceivably leave the D N A  in a state that cannot be unwound for replication/transcription 
purposes. Moreover, mild heating (50°C) was found to cause association o f cellular proteins 
with the chromosome in Escherichia coli (Pellon et al., 1980). The authors speculated this 
would be a passively irreversible event, requiring specific proteolytic activity to undo.
Acknowledgement that RNA degradation products were a component o f the intracellular 
constituents leaking from heat sensitised cell membranes led to speculation that ribosome 
breakdown occurs during heating (Gould, 1989). In both S. typhimurium (Tomlins & Ordal, 
1971) and Staph, aureus (Hurst & Hughes, 1978) it has been demonstrated that destruction 
of 30 S ribosomal sub-units corresponds to the denaturation o f 16 S RNA. A  suggestion for 
the mechanism of rRNA degradation is that it is due to substantial loss o f associated M g2+, 
proposed to inhibit the action o f degrading endoribonucleases. However, studies with wild- 
type and ribonuclease deficient E. coli demonstrated that 30 S ribosome subunits were 
appreciably degraded in both cell types (Tal, 1969; Tamaokia & Miyazawa, 1966). Also o f  
note, the 30 S sub-unit is more easily denatured than the 50 S, so if  it is not loss of M g2+ that 
accounts for destabilisation, then structural conformation must aid resistance to denaturation. 
Protein partly provides this structural conformation in ribosomes and has been calculated to 
account for approximately 38% o f the total ribosome mass (Noller & Normura, 1987). It has
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previously been discussed that protein is particularly heat sensitive and this may have 
implications for the global structure o f ribosomes and corresponding functionality.
The technique o f differential scanning calorimetry (DSC) has been used to quantify 
denaturation events as they occur in cells over a wide temperature range (Anderson et al., 
1991; Mackey et al., 1988; M iles et al., 1986; Verrips & Kwast, 1977). DSCs provide 
thermograms illustrating major denaturation events as peaks and these often coincide with 
cell death. DSC o f whole cells or cell components o f E. coli and Bacillus stearothermophilus 
demonstrated that the majority o f cell death by lethal temperature coincided with the 
denaturation o f the ribosomal 30 S sub-unit (Mackey et al., 1991). However, the authors 
were quick to point out that ‘this does not necessarily imply a causal relationship because 
other thermal events undoubtedly occur within the same temperature range’. Previous DSC  
calibrations demonstrated that ribosomes were only one o f several cellular constituents to 
undergo denaturation when heated, and it would appear that there are distinct temperature 
ranges in which these events occur. For example membrane damage occurs at lower 
temperatures, whereas DNA denaturation occurs at relatively high temperatures (Anderson et 
al., 1991; Mackey et al., 1991).
The ribosome then, is susceptible to heat such that its function can be destroyed. However, 
Lee and Goepfert (1975) demonstrated that under specific solute conditions the breakdown 
o f RNA could be substantially inhibited, but despite this significant proportions
o f a S. typhimurium population were still killed or injured during heating.. This suggests that 
ribosomal degradation is not the absolute cause o f thermal inactivation. As with proteins, 
the synthesis o f ribosomes is coded for in the cell chromosome, allowing the replacement o f  
degraded units. The cell chromosome represents a key cellular component likely to suffer 
thermal damage, applicable to all cells, spores included.
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It is well documented that heating has a variety o f consequences on D N A  and since this 
material contains the information responsible for coding all the cell’s components and 
activities, inability to perform replication/transcription will undoubtedly kill the organism. 
Heat is known to cause single and double strand nicking in the nucleic acid helix, as well as 
breakage o f hydrogen bonding between strands, and depurination and depyrimidation 
(Gould, 1989; Hurst, 1977). As with rRNA, it is suggested that endonucleases may play a 
role in DN A damage. These are activated when the DNA helix separates after hydrogen 
bonding breakdown. Disruption o f key genes either involved in essential metabolic 
functions or, perhaps more importantly, those concerned in the repair- o f heat damaged cell 
functions will unquestionably prolong a state o f injury and if  repair cannot be actuated, the 
cell will be non viable (Hurst, 1977).
However, it is unlikely that extensive damage occurs to the double helix as a direct result o f 
heat. DNA melting temperature, that is separation of the deoxyribose nucleotide polymer 
chains at the base pah* hydrogen bonds, has been calculated for a wide range o f both 
prokaryotic and eukaryotic organisms (Miles et al., 1986; De Ley, 1970) with varying base 
compositions (%GC). Several E. coli strains and various salmonellae, for instance have 
DN A melting points (Tm) o f 90.5°C to 91.8°C. Clearly, these temperatures are well in excess 
o f those at which major lethal events occur in vegetative cells. DSC thermograms confirm  
this, displaying a peak analogous to Tm at 90°C plus. Moreover, this peak is often recurrent 
if  the now dead cells are cooled and reheated, compatible with the physical nature of 
hydrogen bonding which can be reformed under appropriate conditions (Anderson et al., 
1991).
Repair mechanisms of heat damaged DN A are believed to be similar to those when nucleic 
acid is radiation damaged. The effects o f ionising radiation have been much studied in E.
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coli where recA, recB and recC gene products are all required to repair single breaks 
(Moseley, 1989). Rec mutants o f B. subtilis spores and vegetative cells have reduced 
tolerance not only to UV  radiation, but also to heat (Hanlin et al., 1985). This suggests that 
the ability to repair DN A after heating is an important factor in the recovery process. Genes 
encoding for catalase and superoxide dismutase etc. are also essential to combat the toxic 
effects o f reactive oxygen intermediates generated by oxidative phosphorylation. Hydrogen 
peroxide (H2O2) is known to cause single strand breaks in DN A (Ananthaswamy & 
Eisenstark, 1977) and it has been demonstrated that a complex, nutritionally rich growth 
medium, requiring greater metabolic activity in order to utilise available substrates, is much 
more likely to generate oxidative intermediate products such as H20 2 (Gould, 1989). 
Unsurprisingly then, it has been shown that minimal media allow a greater degree o f repair, 
and hence subsequent recovery o f sub-lethally injured cells, as compared to more complex 
preparations (Gomez & Sinskey, 1975). The recovery o f heated organisms by the most 
profficient manner allows accurate description o f the death kinetics. This knowledge has 
been crucial to developing an understanding o f the nature o f thermal inactivation.
2.3 Theory of thermal inactivation kinetics
Vegetative microorganisms are readily injured and killed at temperatures above their upper 
cardinal value, that is their maximum growth temperature. The higher the temperature, the 
more rapid the death rate (Gould, 1989). Microbial thermal death kinetics are widely 
accepted as obeying a first order relationship, thus at a given lethal temperature, the rate o f  
death depends on the number of viable cells present (eqn 2.1):
SN
T  = -  cN(2.1)
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where N  is the number o f viable cells, t is time elapsed and c is the proportionality constant. 
To quantify cell numbers decreasing over time, eqn 2.1 is integrated between time zero and 
time t (eqn 2.2):
Converting this to logarithms to the base ten, and substituting k for c/loge 10 (= c/2.303), eqn
2.2 is often represented as:
to time, thus a plot o f log numbers against time will result in a straight line o f slope -k. Such 
plots allow the quantification o f the heat sensitivity o f a microorganism by determination o f  
the decimal reduction time (DRT) or D-value. The D-value is defined as the time at a given 
temperature (indicated by a subscript) for the surviving population to be reduced by one log 
cycle (Adams & M oss, 1995). From a plot o f log survivors versus time, D can be obtained 
as the reciprocal o f the slope, 1 Ik (Figure 2.1a), alternatively it may be calculated from:
where N\ and N2 are the numbers o f survivors at times t\ and t2 respectively.
The discovery that destruction o f microorganisms by lethal treatments is o f logarithmic order 
is widely attributed to Madsen & Nyman who published their findings back in 1907. Chick 
(1910) produced the earliest quantitative assessments o f the effect o f heat inactivation on
(2.2)
where N  and No are the number o f viable cells present at times t and zero respectively.
(2.3)
From eqn 2.3 it can be seen that the relationship between change in numbers is proportional
(2.4)
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Time of heating (min) z-value (° temperature)
Fig. 2.1 First order microbial inactivation by heat, showing (a) variation in survivor level with time 
at a constant temperature and derivation of D-values, and (b) variation of D-value with change in 
temperature and derivation of z-value (adapted from Gould, 1989).
vegetative bacteria, also demonstrating a first order logarithmic destruction. The use o f the 
DRT, was first coined by Katzin et al. (1943) when describing the heating time for a 
pasteurisation process. There exists also a relationship between temperature and D. As 
temperature increases, D decreases exponentially, thus plotted as log D  against temperature 
(°C or °F), z is the reciprocal o f the slope (Figure 2.1b). Defined as the temperature change 
required to result in a tenfold change in D  (Adams & Moss, 1995), it can be calculated from  
eqn 2.5:
Z =  (r2 - r , ) / ( l o g D I - l o g D 2) (2.5)
Relating the mathematics o f the thermal inactivation process to the events taking place inside 
individual cells has produced a number of interpretations. First order inactivation has been 
well explained by the laws governing simple chemical reactions. The thermodynamic 
concept o f a chemical reaction states that at a given temperature, a finite time is required for 
all molecules to react even though it is believed that each individual molecule is exactly the
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same. This can be explained by considering that there is a M axwell distribution o f energy 
throughout all the molecules present at a given temperature (Figure 2.2) and that the 
temperature is only a measure o f the mean energy distribution in the system (Charm, 1958).
Fig. 2.2 The Maxwell distribution of energy; molecules with sufficient activation energy to 
commence a reaction require an energy level of E0 or greater and at any oiynstant there are Ne 
number of such molecules (reproduced from Charm, 1958).
Translating this to events within a microorganism subjected to a lethal temperature, it must 
be assumed that the organism contains one or very few key molecule(s), the destruction of 
which will render the cell sterile. Each key molecule is surrounded by a number, jc, o f water 
molecules, each of which will possess a certain energy level as dictated by the distribution of  
total energy present. Only a few water molecules at any one instant w ill possess sufficient 
energy or greater than activation energy to effect a change in the key molecule following
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energy transfer upon collision. Thus, though the cells in a population are all identical, 
chemically and physically they would not all be expected to be inactivated at the same time 
(Charm, 1958). It should be noted though, that this theory is based on a number of  
assumptions. The first, is that there is a distribution o f energies among water molecules 
surrounding key sensitive volumes. Secondly, key volumes within differing cells all possess 
the same (in)activation energy. And thirdly, is that cells only have a single or very few such 
targets the integrity o f which is/are essential to the cell’s viability (Gould, 1989). Although 
the first assumption is reasonable, the second two are not proven.
This thermodynamic theoiy behind thermal inactivation has long been referred to as the 
mechanistic theoiy (Lee & Gilbert, 1918) and is still contended by many to be the reason 
behind fiist order death. Heat has numerous deleterious effects on cellular structure and
Vka,
metabolism, and the particular difficulty o f a single lethal event sterilisingAcell has led to 
increasing support for a second proposal offered to explain the logarithmic nature o f heat 
lethality (Cerf, 1977).
Labelled the vitalistic concept, this theory suggests that within a genetically homologous 
population, phenotypic variation exists such that resistance to a lethal agent is not o f uniform 
distribution. However, it has been demonstrated that to produce first order logarithmic 
death, resistance distribution within a population would have to assume a skew-shaped 
distribution curve. Charm (1958) remained sceptical whether such an asymmetrical 
distribution would be likely to occur in biological systems. Withell (1942), opposed to the 
commonly quoted explanation of thermodynamic interactions, suggested that exponential 
lethality, and deviation from it, could be explained by a log-normal distribution o f resistance. 
Log-normal describes a distribution that is skewed. When plotted on a log scale, it is 
characterised by its ‘peakness’.
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2.4 Application of thermal inactivation to food processing
Thermal processing o f food is performed for a number o f reasons and these are not 
necessarily to ensure microbiological safety (see Table 2.1). Initial use o f high temperature 
as a preservation procedure was first realised by Frenchman Nicolas Appeit. Appert 
developed a method o f heating food in sealed jars in boiling water, winning a prize from the 
French Directory for his efforts. Appert was o f the view that air contact caused foods to 
perish and that sealing and heating removed this cause. It was not until Louis Pasteur
Table 2.1 Heat processes applied to foods (reproduced from Adams & Moss, 1995).
Heat process Temperature Objective
Cooking
baking
boiling
frying
grilling
<100°C Improvement o f digestibility, e.g.
starch gelatinisation,
collagen breakdown in meat
Improvement o f flavour
Destruction o f pathogenic microorganisms
Blanching < 100°C Explusion o f oxygen from tissues, inactivation of  
enzymes
Drying/Concentration < 100°C Removal o f water to enhance keeping quality
Pasteurisation 60~80°C Elimination of key pathogens and spoilage 
organisms
Appertisation > 100°C Elimination of microorganims to achieve 
‘commercial sterility’
36
Chapter 2 The kinetics and  physiology o f thermal inactivation
recognised the role o f microorganisms in food spoilage that heat processing became base^on 
sound theories and accordingly was much more reliable (Adams & M oss, 1995). As 
indicated in Table 2.1, pasteurisation and appertisation processes are employed solely to 
eliminate pathogens and enhance keeping qualities.
Pasteurisation treatments typically cover the temperature range 60 to 80°C and are applied 
for up to several minutes and serve two purposes. In low-acid foods (pH > 4.5), pathogens 
are the main concern, the elimination o f which from the end product often is a legal 
requirement. Milk, bulk liquid egg products and ice cream mix all require pasteurisation (the 
legal requirements for the heat processing o f milk are outlined in Table 2.2). The heat 
treatment cannot discriminate between individual microorganisms, thus pathogens and 
spoilage organisms o f equal heat resistances w ill both be destroyed at equal rates. Such 
products then, will also have an increased shelf-life. In high acid foods, pathogens are 
generally not problematic as they are unable to survive the low pH. However, these products 
usually have low water activities («ws) too, which although preventing growth o f pathogens, 
permit their survival. Furthermore, the low water content aids their protection against heat. 
Primarily though, these products require heat treatments to control spoilage organisms such 
as lactic acid bacteria, and moulds and yeasts which are adapted to such conditions.
Thermal processing not only facilitates the destruction o f microorganisms but also has 
deleterious effects on components within the product. This is not surprising considering the 
fact that microorganisms and food are made from the same classes of biological molecules. 
Proteins are an obvious example, where heat causes alterations in the conformation of 
polypeptide chains leading to denaturation. Vitamins are another example where heat can 
cause appreciable losses in their useful activity. In vegetable products, colours can be
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bleached and textures lost. Table 2.3 lists the nutritional losses that occur when raw milk is 
heat treated.
Table 2.2 Legal requirements for the heat processing of milk.
Product Minimum time/temperature 
combinations
Other requirements
Pasteurised 30 min at between 62.8°C and 
65.6°C (LTLT°)
or 15 sec at 71.7°C (HTST*)
Milk must
- be cooled immediately after heat treatment
- be phosphatase negative
- meet the microbiological standards
- be packaged as soon as possible after 
processing
Records of heat treatment and cooling must 
be kept for at least 3 months
UHT 1 sec at 135°C Milk must
- be packaged immediately into sterile 
containers under aseptic conditions
- meet the microbiological standards
Records of heat treatment must be kept for at 
least 3 months
Sterilised >100°C Milk must
- comply with turbidity test
- meet the microbiological standards
Records of heat treatment must be kept for at 
least 3 months
0 Low-temperature, long-time holding. 
b High-temperature, short-time holding.
(Adapted from The Microbiological safety of Foods Part II, 1991.)
Pasteurisation o f low-acid foods can only increase the shelf-life a modest amount as the 
process is insufficiently harsh to kill all vegetative bacteria; certain Gram-positive organisms 
o f the genera Enterococcus, Microbacterium and Arthrobacter can survive pasteurisation 
temperatures (Adams & M oss, 1995). Furthermore, many mesophilic and all thermophilic
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spore-forming bacteria will also survive. Although their vegetative cells will be killed, their 
spores easily resist moderate temperatures, and may germinate in the product when stored at 
a suitable temperature. Despite this potential for spoilage, in the example o f pasteurised 
milk it has been demonstrated that under laboratory conditions, milk aseptically packed and 
chilled after pasteurisation remained consumable for up to 57 days. This compares with the 
maximum of 10 days for commercially available milk, indicating that post-pasteurisation 
contamination is the prime cause o f  milk spoilage and not the microflora remaining after 
heating (Mourgues & Auclair, 1973).
To increase shelf-life, higher temperatures are called for which are capable o f eliminating all 
vegetative microorganisms and spore-formers likely to grow in the final product under 
normal storage. This process, labelled appertisation has, like pasteurisation, two objectives; 
the removal o f pathogens with the chief concern being Clostridium botulinum, and the 
control o f spoilage. Cl. sporogenes is frequently used as an indicator o f spoilage, and a 6 
logio reduction is usually accounted for when designing heat processes (Adams & M oss, 
1995). The D i2i°c o f CL sporogenes is in the region o f 1 min, whilst Cl. botulinum possesses 
a D i2i°c o f 0.21 min. Control o f Cl. sporogenes then, w ill automatically ensure Cl. 
botulinum is not a problem in the cooked product, since it w ill result in far more than a 12 
log reduction in Cl. botulinum. The spores o f the thermophilic spore-formers, e.g. CL 
thermosaccharolyticum and B. stearothermophilus, possess extremely high heat tolerances. 
Under heat treatments for the elimination o f the two aforementioned organisms, these 
thermophiles would still be present. Their removal would be costly and deleterious to the 
food, however because thermophiles will not grow at ambient temperature, usually only 
commencing growth at 40°C plus, they are not worthy of consideration for food stored in 
temperate climes. For this reason canned products are often labelled as commercially sterile
39
C h a p te rs The kinetics and  physiology o f thermal inactivation
though some viable sporesmay remain. Likewise, spores may survive in high-acid or cured 
foods, but such products represent environmental conditions unsuitable for spore 
germination.
Table 2.3 Physical and chemical effects of heat treatment on milk.
Process Effect*
Pasteurisation Vitamin C - reduced by about 20%
Thiamin/vitamin B 12 - reduced by about 10%
Slight disaggregation of fat globules resulting in reduced cream line
(no nutritional significance)
UHT/sterilisation Vitamin losses are greater than for pasteurised
* Other minor changes occur to protein structure, enzyme activities and calcium solubility. 
(Reproduced from The Microbiological safety of Foods Part n, 1991.)
2.5 Modelling of microbial responses
Determining processing times for the inactivation of specific pathogens and spoilage 
organisms requires knowledge o f their D  and z values. When a product’s formulation limits 
the maximum temperature it can be exposed to in order to maintain the desired 
characteristics, the technologist can calculate the extended time required to achieve a 6 logio 
reduction in spores at say 115°C rather than 121°C. This represents the development of a 
model in its most basic sense.
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Advances in the understanding o f factors that govern microbial growth rate, survival and 
heat resistance have resulted in modelling the microbial responses becoming a major growth 
area in microbiology during the past decade (Kn0chel & Gould, 1995; Skinner et a l 1994; 
Buchanan, 1993). Furthermore, with the advent o f powerful micro-computers, the 
application o f predictive modelling to foods has become more accessible to research and 
industry alike.
Growth and survival o f microorganisms at sub-optimal temperatures is strongly influenced 
by the presence o f aw influencing solutes, varying H+ concentrations and organic acids, all o f  
which can be hurdles to microbial growth or toxin production. Growth/survival models have 
been developed using a number o f strategies, each o f which have their own limitations, and 
can be categorised under the following headings: simple probabilistic models, regression 
models, Arrhenius models, and square root models (Skinner et a l 1994). With the 
exception o f probabilistic models, hurdle parameters (pH, «w, etc.) can be incorporated as 
named functions into the prediction equation. Obviously, the relationships between the 
parameters and temperature for any applicable organism requires many laboratory 
experiments to provide the raw modelling data. However, once the model matrix is 
determined and predictions validated, the model can be applied directly to food products for 
expected pathogenic and spoilage bacteria to give indications o f product safety and shelf life. 
This minimises laborious challenge testing for new products. Predictive microbiology 
accessible in this form is commercially available under the title o f Food MicroModel™, a 
Windows™ based P.C. programme (McClure et al., 1994).
First order thermal death prediction, incoiporating hurdle parameters, has been developed 
from linear-Arrhenius models. The Arrhenius equation (eqn 2.6) was originally formulated
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to describe the relationship between the rate constant o f a reaction and temperature (Laidler, 
1963):
k = A e x p -----
1s t )
(2.6)
where T  is the absolute temperature, R the gas constant, E  the activation energy, and A the 
frequency factor. Thus, a plot o f In k vs l/T  w ill yield a straight line. Development o f  this 
relationship from a simple D-value description is achievable when parameters, that will 
influence k (k <* 1 ID) e.g. pH, are introduced such that a typical Arrhenius model can be 
described by variations on eqn 2.7.
where model constants, Co to C3 are derived from experimental data for different pH values.
parameters e.g. aw (Davey, 1993).
Simple modelling o f thermal inactivation based on the D-value has been employed and 
accepted by the food industry for well over half a century and because o f this, the
held belief of thermal inactivation conforming to a strictly linear order is often disputed 
(Cole et al., 1993; Cerf, 1977), with much experimental data to support claims. It seems ill-
experimental work has consistently demonstrated deviations resulting in prolonged survival 
o f small sub-populations. Noting these problems, Cole et al. (1993) proposed and 
formulated a thermal inactivation model for Listeria monocytogenes which would take into
(2.7)
These model constant^ can be substituted for, or added to, to include other k influencing
introduction of new ideas has been viewed with a certain amount o f scepticism. The widely
conceived to accept the use o f D-values for calculation of heating time for foods, when
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account first order deviation over a range o f temperatures, pH values and NaCl 
concentrations. The model was developed by testing a range o f distributions for suitability in 
describing the variability o f heat sensitivity within a population o f heated cells; a vitalistic 
approach to thermal inactivation. The use o f the logistic function and log dose (logi0 time of  
heating) allowed the development o f an accurate and unifying predictive model across the 
whole range o f heating conditions.
2.6 Deviations from logarithmic thermal inactivation kinetics
Deviations from logarithmic death are often described as belonging to either o f two forms 
(Figure 2.3). First, tailing is illustrated as a biphasic or upwardly concave curve, where there 
are either two definite kill rates or a gradual increase in DRT over the heating period. The 
second deviation depicts a situation where heat resistance is greatest during the initial 
heating period; the resulting curve displaying a characteristic shoulder. Combinations o f  
these two forms are also reported, resulting in sigmoidal-shaped plots (Cerf, 1977). Many 
authors regard such deviations as artefacts originating from the many technical difficulties 
experienced in producing thermal death data (Stumbo, 1973). Others maintain that they are 
due to either adaptation processes occurring during heating or because o f a distribution of  
heat resistances within a genetically homogeneous population (Cole et al., 1993).
Of the two deviations seen, shoulders are possibly the easiest features to explain in terms of  
both a biological event and experimental design. Stumbo (1973) maintained they were due 
to clumping o f cells creating a bias in colony-forming unit survivor counts, where all cells 
within a clump have to be inactivated before no representative colony is seen. Alternatively, 
a differential heat transfer gradient not experienced by single cells may occur, such that heat
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penetration is slower in cell clumps. Stumbo pointed out that to safeguard against this event, 
high concentration inocula should not be used in heat resistance studies. Of greater 
experimental importance, it is essential to achieve as near instantaneous heating o f the cells 
as possible. Equilibration up to investigation temperature, the so called ‘come-up’ time will 
result in an initially lower than expected heat exposure. Whether these explanations totally 
account for all shoulders is open to speculation. The alternative ‘multi-hit’ biological model 
explains shouldering to be due to the presence o f more than one key target molecule within 
each cell, all o f which must be destroyed to render the cell non viable (Charm, 1958). 
However, if  this is truly the case, why are shoulders not witnessed by all researchers?
Tim e
Fig. 2.3 Commonly encountered deviations from log-linear death (— ); ‘tailing’, where a
sub-population is believed to possess a higher than normal heat resistance ( ); ‘shouldering’,
where the initial death rate is reduced, possibly due to the mechanism of thermal inactivation (— ).
The phenomenon o f tailing is even less well defined. Stumbo (1973) suggested that rather 
than clumping being the cause, flocculation occurs during heating such that at high inoculum
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concentrations, coagulation would occur protecting cells progressively with the passage o f  
time. Alternatively, suggestions o f higher intrinsic resistance in a minority sub-population 
are widely quoted, as are adaptive responses to heat exposure. There are a number of  
physiological events which may give rise to increased heat resistance o f cells within a 
population . Many such causes can be applied to the population as a whole increasing 
apparent D-values several-fold. If these influences could affect sub-populations to varying 
extents then tailing would be predicted in resulting thermal death curves.
2.7 Factors affecting cell heat resistance
The role o f SOS genes in repair o f D N A  damage following heating was discussed earlier. 
Bacteria possess a further, possibly related, set o f genes, the products o f which have been 
demonstrated to aid heat tolerance. Heat-shock proteins (HSPs) are a set o f highly conserved 
proteins synthesised in response to exposure to elevated temperatures. This response is 
universal, having been observed in eubacteria, archaebacteria and all eukaryotic cells; plants 
and animal alike (Lindquist, 1986). Despite originally being characterised by the association 
with temperature change, it is now realised that many environmental stimuli initiate their 
production, e.g. exposure to oxidising agents, anaerobiosis, pH shift, heavy metals, DNA- 
damaging agents, ethanol, and starvation o f nutrients (Bukau & Walker, 1989; Gould, 1989; 
Taglicht et al., 1987). Induction o f HSP production is rapid following stimulus. Allan et al. 
(1988) found that the synthesis o f at least seventeen proteins in Pseudomonas aeruginosa 
occurred within approximately one minute following a temperature shift from 30°C to 45°C. 
The exact nature of their induction is slowly being unravelled, as is their function. 
Experiments demonstrate that pre-incubation at a sub-lethal temperature above the normal 
growth range, followed by a subsequent heat challenge, causes HSP induction and a
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corresponding increase in heat resistance. This has been shown for a variety o f psychrophilic 
and mesophilic bacteria (Farber & Brown, 1990; Whitaker & Batt, 1991). Habituation or 
pre-conditioning following such a protocol often produces an increased heat tolerance o f at 
least two orders o f magnitude (Lindquist, 1986; Linton et al., 1990). In an extreme case, 
Mackey and Derrick (1987a) reported that a steady increase o f temperature (0.6°C per 
minute) from 20°C to 55°C resulted in a thousand-fold increase in heat resistance o f S. 
typhimurium. It is not known though if, under such conditions, other cellular responses 
occur to aid stability at elevated temperatures.
HSP function is not only confined to thermostabilisation roles but it has ^ demonstrated that 
some o f the proteins have functions in normal cellular metabolism (Fayet et al., 1989). Two 
characterised HSPs in E. coli, DnaK (hsp70) and GroEL^are believed to act as molecular 
‘chaperones’ which trigger the proper folding o f other proteins and the assembly of 
oligomeric protein structures (Bukau & Walker, 1989). GroEL in particular, has been 
studied for its properties as an enzyme stabilising protein. Mendoza et al. (1996) reported on 
how the chaperonin protected, or significantly reduced thermal inactivation in a range o f  
enzymes in vitro. Furthermore, aggregation of the enzymes was also inhibited. This 
indicates that the HSP role during heat exposure is the protection o f enzyme function 
permitting repair and the resumption o f growth at a suitable temperature. Thus, the apparent 
increase in heat resistance after HSP induction may indicate a greater portion o f survivors 
being able to repair, rather than a reflection o f metabolic death during heat exposure. Their 
possible involvement in DN A protection/repair is unclear.
Prior to this recent work, their involvement in recovery or protection during heating 
remained to be clarified (Schlesinger, 1986; Yamamori & Yura, 1982). Moreover, it is still 
unclear whether HSP induction can occur during exposure to lethal temperatures and
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whether this could possibly lead to partial protection o f  sub-populations giving rise to tailing 
o f  thermal inactivation curves.
The HSP response, along with those cellular targets that are influenced by heat, can be 
classed as intrinsic or inherent mechanisms o f  resistance. Much more certain are the effects 
o f  the external environment on an individual’s heat tolerance. In 1957, Schmidt adopted a 
classification to clarify influencing factors governing thermal resistance in microorganisms 
(ICMSF, 1980):
1, Inherent resistance; differences among species, strains within the same species and 
spores versus vegetative cells.
2, Environmental influences active during growth and formation o f  cells or spores, 
e.g. age o f  cells, growth temperature, growth medium.
3, Environmental influences active during the time o f heating, e.g. pH, aw, heating 
menstruum composition, presence o f  inorganic salts and organic compounds.
O f the factors active during growth, prior to heat exposure, culture age probably has the 
greatest effect. Log phase cells, that is those that are actively growing, are more heat 
sensitive than cells in any other growth phase (ICMSF, 1980). This effect was first reported 
by Sherman and Albus in 1923, later Watkins and Winslow confirmed this for E. coli too 
(ICMSF, 1980). Subsequent work has demonstrated this phenomenon in, for example, S. 
senftenberg 775W (Ng et al., 1969), Vibrio marinus (Kenis & Morita, 1968) and 
Streptococcus faecalis (White, 1953). It has been proposed that increased sensitivity to heat 
in young cultures may be attributed to thermolabile synthetic mechanisms involved in rapid 
growth (Ng etal., 1969).
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Protection afforded by the heating menstruum is adequately demonstrated by the effect o f aw, 
where lower water content media offer greatest protection (ICMSF, 1980). Aw can be 
influenced by a wide variety o f solutes, including inorganic salts and organics such as 
carbohydrates. There seems to be no direct relationship between «w value, solute 
concentration and heat resistance inferred for a given solute as compared to another. This 
led Baird-Parker et al. (1970) to conclude ‘it is impossible to predict from such studies the 
heat resistance o f salmonellae in foods o f low aw\  Work by Blackburn et al. (personal 
communication) confirmed these earlier findings. At an equivalent «w, glucose was found to 
offer greater protection over NaCl, sucrose or glycerol. Reasons for increased heat resistance 
may be connected with a buffering capacity, preventing intracellular constituents leaking out 
into the external environment (Allwood & Russell, 1967), or a reduction o f the water content 
within the cell, preventing rapid transfer o f heat energy throughout cellular materials.
Exposure to both acid (Blackburn & Davis, 1994) and alkali (Humphrey et al., 1991b) for a
\
short period (30 minutes or less) prior to heating induces habituation. As indicated 
previously, HSP production is known to be stimulated by exposure to acidic/alkali 
environments and this may well account for increased heat tolerance. Work by Goodson & 
Rowbury (1990), though, inferred that short exposures to alkali induces a RecA-independent 
DN A repair process. Clearly then, there is not a simple clear cut mechanism at work here.
2.8 Aims of project
The aim o f this work was firstly to develop a reproducible method for quantifying thermal 
inactivation of the mesophilic food-bome pathogen, Salmonella enteritidis phage type 4. 
This would permit the generation o f sur vivor curves over a range o f moderate temperatures 
to allow the production o f an accurate model using the log-logistic approach o f Cole et al.
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(1993). Work would then focus on the nature o f death kinetics with particular attention 
being paid to tailing and its origins, and its significance for log-linear kinetics.
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3 . 0  D e v e l o p m e n t  o f  a  t h e r m a l  i n a c t i v a t i o n  p r o t o c o l  f o r  
S a l m o n e l l a
3.1 Summary
An essential prerequisite for determining the nature o f thermal inactivation kinetics o f  
microorganisms is an experimental method that does not influence the shape o f survivor 
curves. Analysis o f survival data for Salmonella enteritidis PT4, gathered using a variety of 
heating systems, highlighted major differences in the degree o f tailing deviations recorded. 
Methods employing submerged sealed tubes or ampoules gave erratic prolonged tails. 
Experimentation with the Submerged Coil heating apparatus (Cole & Jones, 1990) also 
resulted in an extended tail.
An open flask system was devised for heat challenge experiments. Heating menstruum, 
inoculated with concentrated cells was mixed in a vortex motion and maintained at the 
investigation temperature by a water bath and periodically sampled. M ixing using a single 
plane shaking bath demonstrated the potential for the shape o f survivor curves to be 
influenced by the method o f agitation. Stationary flask heated cells exhibited little deviation 
from linearity, while the shaken flasks gave prolonged tailing in survivor curves.
The adoption o f a stirred flask heating method gave, as far as could be ascertained, artefact- 
free survivor curves. At 60°C, survivor curves from high density populations showed 
biphasic death quantifiable by D-values. The tail D-value was more than four times that o f  
the initial death rate. Extrapolation o f the tail portion back to time zero demonstrated these 
cells to be present at a level o f 1 in 104 - 105 o f the entire population. Survivor curves with 
initial densities o f 107 cfu ml'1 or below resulted in linear death curves. It was noted that
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essential to the production o f consistently reproducible tails, high initial cell densities and 
sensitive low level enumeration techniques were needed.
3.2 Introduction
It has been widely accepted among microbiologists that at a constant temperature, thermal 
inactivation of microorganisms is exponential with time (Moats, 1971) and this assumption 
forms the basis o f the calculations used in thermal processing o f foods, reviewed earlier. 
However, observations o f non log-linear death kinetics date from the earliest investigations 
into the disinfectant properties o f heat (reviewed by Cerf, 1977). Deviation from log-linear 
death has been reported in numerous bacteria, both vegetative and spore-formers, and is 
typically characterised by a shouldered curve, where initial death rate is slow, or tailing, 
where a minority exhibit greater heat tolerance than the majority (Cerf, 1977). The relative 
failure o f deviations from log-linear kinetics to be accepted undoubtedly lies in the neatness 
o f the mechanistic theoiy to explain first order death and the associated mathematics 
describing the reaction rate.
Often, deviations from log-linear death are labelled as artefacts, introduced by the 
experimental procedure used to determine thermal inactivation rates (Moats, et al., 1971). 
Methods used can be divided into two categories, each having their relative merits (Stumbo 
1973).
In the closed system approach, a suspension of organisms is prepared and then divided into 
a number o f separate samples held within suitable vessels. These are subsequently heated 
and individual vessels removed at pre-deteimined intervals permitting the enumeration of  
survivors. With this approach, sample vessels are spatially separated within the heating
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environment and so each must be considered as representing an individual population. 
Furthermore, small volumes have to be employed to minimise heating and cooling lags. 
This creates difficulties in recovering sufficient volume for enumeration when low level 
counting is required to describe fully the population kinetics.
Table 3.1 Shape of survivor curves reported for a range of bacteria produced following a variety of 
heating procedures.
Heating method 
employed
Microorgainsm
investigated
Shape o f survivor 
curves
Reference
Plugged tubes 
(inoculum 7 cm  
below heater bath 
level)
Bacillus cereus tailed exponential Vas & Proszt, 1957
Sealed ampoules 
(submerged)
Escherichia coli tailed exponential Moats et al., 1971
Sealed ampoules 
(submerged)
Streptococcus
faecalis
tailed sigmoidal Moats etal., 1971
Stirred flask 
(inoculum below  
heater bath level)
Salmonella
senftenberg
tailed exponential Moats etal., 1971
Thermoresistometer 
(Condon et al., 1989)
Aeromonas
hydrophila
tailed exponential Condon et al., 1992
Submerged Coil 
heating apparatus 
(Cole & Jones, 1990)
Listeria
monocytogenes
tailed exponential,
shouldered
exponential
Cole et al., 1993
Submerged Coil 
heating appar atus 
(Cole & Jones, 1990)
Salmonella
typhimurium
tailed exponential Ellison et al., 1994
Tubes (inoculum 4 
cm below heater bath 
level)
Listeria
monocytogenes
tailed exponential Donnelly et al., 1987
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Open systems represent the opposite approach to thermal inactivation determination. 
Essentially, these rely on the successive sampling o f a single pool o f heated microbial 
suspension. Again, the method has to be designed to minimise heating lags but large sample 
volumes are obtainable. Disadvantages o f this approach are that sampling is limited to one 
entry point into the heating menstruum. Successive sampling may transfer aerosols to areas 
o f the apparatus operating at a lower than expected temperature.
A  brief review o f the literature demonstrates that both approaches to heating are widely 
employed and deviations from log-linear kinetics are observed in both (Table 3.1).
The experimental difficulties described are often labelled as the cause o f deviations from 
log-linear deviations. In the work reported in this thesis, the demonstration that the heating 
technique employed did not artificially influence the shape o f survivor curves was essential 
in determining the true nature o f Salmonella inactivation kinetics at moderate lethal 
temperatures.
3.3 Materials and Methods
3.3.1 Organism  m aintenance a n d  resuscita tion
Salmonella enteritidis phage type 4  P167807, supplied by Division o f Enteric Pathogens, 
Central Public Health Laboratory, London, UK, was stored frozen in bead vials (Protect; 
Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70°C and resuscitated to 
109 cfu m l1 in 10 ml o f Nutrient broth (NB; Unipath UK Ltd, Basingstoke, Hampshire, UK) 
incubated stationary at 37°C for 24 h.
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3.3.2 Heat challenge pro toco l
3.3.2.1 Preparation of cell inoculum
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath 
UK Ltd, Basingstoke, Hampshire, UK) for the inoculation o f pre-warmed (to 37°C) 1.5 1 
NB, to give initial suspensions o f approximately 1 cfu ml'1. These broths were incubated at 
37°C for 18 h ± 1 h and immediately centrifuged (6,500 x g for 15 min at 20°C). 
Centrifuged cell pellets were resuspended in NB to give cell concentrate volumes o f 5 ml 
for tenfold dilution in NB to give concentrations; 10n to 107 cfu ml'1.
3.3.2.2 Heat challenge
One ml o f each diluted concentrate was added to 40 ml o f NB in a plugged 100 ml flask, 
pre-equilibrated to 60°C in a water bath. The flask contents were stirred with a magnetic 
flea, propelled by a custom-made 12 V  d.c. submersible stirrer operating at 60 rpm to 
minimise vortex formation. The external water bath level was maintained at the neck o f the 
flask, approximately 5 cm above the level o f the flask contents, and polypropylene spheres 
employed to reduce evaporation/condensation. Temperature regulation was provided by a 
Haake DC-1 circulator heater (Fisons Scientific Equipment, Loughborough, Leicestershire, 
UK). Heating menstruum temperature was measured using a NAM AS certified probe and 
digital indicator (Pt 100 probe and Series 268 indicator; Anville Instruments, Camberley, 
Surrey, UK) and the circulator correction factor set accordingly to give an accuracy o f ±  
0.05°C.
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3.3.3 Recovery and enumeration procedure
Heating menstruum samples were pipetted from the heat challenge flask at pre-determined 
intervals. Where necessary, 1 ml volumes were added direct to M R D  and further diluted 
tenfold prior to 10 jil quarter spread plating on Nutrient agar (NA; Unipath U K  Ltd, 
Basingstoke, Hampshire, UK). Neat samples were dispensed into glass universals (at room 
temperature) to cool. Depending on the sensitivity required, samples were surface plated 
onto N A  as 10 pi or 100 pi spread plates, or used to produce 1 ml or 2.5 ml pour plates. A ll 
plates were prepared in duplicate and incubated aerobically at 37°C for 48 h.
To enumerate time zero populations, representative samples of concentrates were diluted 
and plated appropriately prior to heating.
3.3.4 Statistical analysis
The culture concentrate dilution experiment was replicated five times and data sets plotted 
as mean survivor curves together with standard deviation error bars. D-values were 
determined from the gradient of mean survivor curves.
3.4 Results
3.4.1 Heating system development
Preliminary investigations centred on reproducible techniques to achieve survivor curves 
that were, as far as could be determined, free from methodological artefacts influencing their 
shape. Mixing of the inoculated heating menstruum was considered necessary to eliminate 
temperature differences throughout the liquid. An initial set-up using a single plane shaking 
bath was shown to produce tailing at 54.5°C with negligible death at 2 - 3 logio survivors
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(Figure 3.1). The tailing was attributed to the heating menstruum travelling up the sides of 
the vessel depositing cells at a lower temperature region. This would enable their survival 
and allow for periodic recontamination of the bulk of the medium. To avoid this, the use of 
a low speed, submersible magnetic stirrer that did not produce a visible vortex was adopted. 
Furthermore, the low speed mixing was found to be adequate for rapid incorporation of the 
inoculum. Substituting safranin stain for the inoculum, spectrophotometric analysis 
revealed uniform mixing within 10 s of inoculation. This approach was also beneficial in 
that it eliminated the need for complicated top-drive stirrer systems that would otherwise 
hinder the removal of samples.
Time (min)
Fig. 3.1 Survivor curves for S. enteritidis at 54.5°C. Extent of tailing is influenced by the heating 
method employed; single plane shaking (O) and stationary heating (□), arrow indicates below limit 
of detection. Method: 10 ml of 18 h cell concentrate was inoculated into 90 ml NB heated to a 
water bath temperature of 55°C (0.5°C loss found in heating menstruum) in a 500 ml plugged flask. 
The contents were sampled periodically and enumerated. One flask was heated stationary except 
for an initial swirl upon inoculation, the other was agitated in a single plane shaking bath at 
approximately 45 strokes m in'1.
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tFig. 3.2’ Thermal inactivation o f S. enteritidis at 63 °C in modified tryptone soya broth using two 
closed heating methods; submerged sealed ampoules (O) and submerged capped test tubes (□), 
arrow indicates below limit of detection. Method: harvested 18 h cell pellets were resuspended in 
TSB modified to 3.5% NaCl and pH 5.0 (HC1) and filled into 1.5 ml ampoules prior to heat sealing 
and submersion into a water bath at 63°C. Ampoules were removed at pre-determined intervals, 
ice-cooled and the contents enumerated. In the tube method, tubes filled with 10 ml modified TSB 
were equilibrated to temperature and injected (while submerged) with 1 ml cell concentrate. Tubes 
were removed at intervals, ice-cooled and the contents enumerated.
In Table 3.1, a number of methods for the thermal resistance determination of bacteria were 
outlined together with a description of the deviations seen in survivor curves. Inactivation 
curves for S. enteritidis PT4 P167807 at 63°C in a modified broth (Figure 3.2) were 
determined by some of these common methods (data supplied courtesy of Leatherhead Food 
Research Association, Leatherhead, Surrey, U K 1). Survivor curves recorded for two closed 
heating methods (submerged sealed ampoules and submerged capped test tubes) 
demonstrated extensive erratic tailing. Initial death rates for the two methods were similar
* Data generated during a period of research spent at the Food Microbiology Department, Leatherhead Food 
Research Association, Randalls Road, Leatherhead, Surrey, KT22 7RY, UK.
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but tailing varied (from IO1 to 103 survivors ml'1) between replicates, though no one method 
resulted in tails of a consistently higher or lower level. Inactivation of S. enteritidis at 
62.5°C by the Submerged Coil heating apparatus of Cole & Jones (1990) also demonstrated 
a similar initial death rate with extended tailing (Figure 3.3).
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Fig. 3.3 Thermal inactivation of S. enteritidis at 62.5°C in modified TSB using the Submerged Coil heating 
apparatus of Cole & Jones (1990), arrow indicates below limit of detection. Method: harvested 18 h cells were 
resuspended in 10 ml TSB modified to 3.5% NaCl and pH 5.0 (HC1) and injected into the Submerged Coil 
heating apparatus equilibrated to 62.5°C. At appropriate intervals, wash samples were discarded and a test 
sample dispensed for enumeration.
The recovery and enumeration procedure for samples obtained for the flask method was also 
investigated during the initial development studies. Ice cooling of recovered samples is 
often employed (e.g. Ng et al. 1969; Baird-Parker et al. 1970; Donnelly et al. 1987) as is the 
incoiporation of a resuscitation stage prior to dilution and plating (Cole et al. 1993). Death 
may be enhanced by cold-shock when heat-injured cells are rapidly cooled by chilling. A  
comparison of survivor curves produced using ice cooling and one where samples were
Time (min)
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dispensed into glass universals at room temperature showed no differences in survival rate. 
Similarly, the addition of a resuscitation step, post-heating, had no effect on the outcome of 
survivor curves compared to direct dilution and plating of recovered samples. With neither 
modification demonstrating any effects, the heating protocol used throughout the work 
employed room temperature cooling and direct dilution/plating.
3.4.2 Cell density variation and death kinetics
Time (s)
Fig. 3.4 Thermal inactivation of S. enteritidis at 60°C in NB determined using a stirred flask 
system. Cells harvested from cultures were diluted ten-fold and each subjected to a heat treatment. 
Each curve represents the mean of five replicates, with standard deviations indicated as error bars.
Dilution of harvested cell concentrates to give initial populations of below 107 cfu ml4 
resulted in virtually linear survivor curves (Figure 3.4). Populations above this density 
showed biphasic inactivation with two distinguishable linear regions. Extrapolation of the
59
C h a p te rs Thermal inactivation protocol developm en t
secondary death rate, or tail region, back to time zero indicated that the more heat resistant 
individuals represented one in 104-105 of the total initial population. High initial cell 
numbers and sensitive detection methods were therefore required before significant tailing 
was seen (Figure 3.4).
In order to describe accurately thermal death in the highest cell concentration data, the 
biphasic nature of the curve was accounted for by assigning two separate D-values to the 
initial and tailing death rates. These were 0.22 min (r2 = 0.9863) and 0.91 min (r2 = 0.9970) 
respectively.
3.5 Discussion
A  heating protocol for the production of survivor curves free from methodological artefacts 
influencing their shape must fulfil a number of criteria. The method should be simple to 
manipulate, ideally without the need for expensive/difficult to sterilise equipment. It should 
ensure near instantaneous heating, as a lag will manifest itself as a shoulder at the beginning 
of the survivor curve. Likewise, slow cooling of the sample will result in greater than 
expected exposure to heat and hence higher apparent death rates. Ideally, temperature 
distribution throughout the system must be uniform with no hot or cold spots. And possibly 
of most importance to open systems, the method of inoculation and sample withdrawal 
should be such that there is little chance for contamination of the heating menstruum or 
sample with under-heated cells deposited at the entry point following repeated sampling.
The stirred flask method employed here adequately meets a number of these criteria. The 
procedure requires simple apparatus. The use of a large pre-heated menstruum volume in 
comparison to inoculum size minimises come-up heating lag (data for come-up times over a
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range of temperatures, including 60°C, are presented in Chapter 4.4.2). Pipetting 1 ml 
samples into diluent cools them quickly and even when 5 ml heating menstruum samples 
were dispensed into ambient glass universals, the sample was rapidly cooled to below 40°C, 
ceasing further inactivation. Uniform temperature distribution is important to ensure all 
cells in the heating menstruum receive identical exposure. Agitation using a shaking bath 
demonstrated prolonged tailing with little change in cell numbers for over 45 min, compared 
to the initial 5 logio reduction witnessed after 30 min. Use of a magnetically driven stirring 
device ensured mixing of the menstruum but avoided introducing such obviously artefactual 
tailing into the adopted heat challenge protocol.
One potential failing of the flask system is that it is an open method whereby samples are 
removed consecutively from a single opening. The flask protocol cannot be operated as a 
completely submerged unit. Consequently, there is potential for contamination of the flask 
neck and plug to occur during inoculation and sampling. These regions are at a significantly 
lower temperature than the heating menstruum and could serve as a possible route for under­
heated contaminants to re-enter the system. Great care was therefore required to eliminate 
the risk of neck contamination via aerosol creation. Survival of contaminants in this manner 
would be greatest at lower temperatures when heat transfer through the neck glass will be at 
its slowest. Investigations at lower temperatures, reported in subsequent chapters, provide 
further evidence to suggest this effect was not encountered here, supporting the belief that 
tails generated by the stirred flask method were non-artefactual.
That the tailing reported at 60°C was quantifiable by D-value analysis, compared to those 
methods involving shaken flasks, ampoules, tubes and the Submerged Coil heating 
apparatus, further indicates the biphasic nature of the survivor curves to be of biological 
origin. With these listed alternative methods, tailing was erratic and at differing levels
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between replicates. In the example of the coil a potential reservoir of under-heated 
contaminating cells can be identified. The apparatus uses a coiled narrow bore stainless 
steel tube submerged in a water bath. Cell suspensions are injected into the coil via a one­
way valve and an automated pipetting system is used to displace the cells with water. 
Heated cell suspension is collected from a nozzle protruding through a sealed hole in the 
water bath casing. The contents of the nozzle are at an appreciably lower temperature than 
the water bath. Although waste wash pipetting is performed before an enumeration sample 
is dispensed, residual cells adhering to the surface of the nozzle act as a source for the 
contamination of all aliquoted samples. Moreover, the number of sample points in Figure 
3.3 represent a combined sample volume (including waste washes) greater than the carrying 
capacity of the coil, such that the final two time points are enumerated pipetting water, one 
of which was still positive for salmonellas.
Little recorded change in survivor numbers following an initially rapid decrease as reported 
here, agrees with many published data reporting tails of similar kinetics after extended 
periods of heating (e.g. Moats et al. 1971; Fujikawa & Itoh 1996a). Donnelly et al. (1987) 
demonstrated the possibility of the heating method to influence the shape of survivor curves. 
Listeria monocytogenes inoculated milk was heated in incompletely submerged capped 
tubes with the milk level residing below the water bath level. Survivor curves at a range of 
temperatures showed initial linear survivor reductions of 3 - 4 logio followed by prolonged 
erratic tailing in which numbers seldom decreased further and, in some cases, increased. A  
second method using fully submerged vials produced linear death. The authors speculated 
the discrepancy between methods rested in the tube method allowing the survival of under­
heated cells above the water bath level and hence at a low, non-lethal temperature.
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Where prolonged tailing is observed in submerged methods, it is the author’s view that 
following inoculation and mixing, sufficiently small cell deposits occur above the 
menstruum level which subsequently dry prior or during heating. If  not re-hydrated, the 
cells trapped will have a greatly increased heat resistance and hence survival. Upon 
enumeration, handling of the vessels will potentially re-hydrate them permitting the 
contamination of the heated sample. Clearly, it must be appreciated that, the method of heat 
resistance assessment can have a major influence on the shape of survivor curves obtained, 
so it is perhaps unsurprising that the existence of non-aitefactual tailing has yet to be fully 
accepted.
The observation of biphasic survivor curves, believed to be free from artefacts, required 
high initial cell densities and a low level detection procedure were required. Stumbo (1973) 
highlighted cell density as a potential source of experimental artefacts. Combination of 
certain heating media with high cell densities could lead to flocculation during the course of 
heating which would lead to bias in colony counts, revealing tailing in survivor curves. In 
view of this, wet microscopic mounts were prepared from cell inocula and samples collected 
from heat challenges, but clumping was not observed.
Recovery of microorgansims following temperature stress has been the subject of much 
investigation among food microbiologists (Ray, 1986). Stresses presented by a microbe’s 
environment e.g. temperatures outside its cardinal limits, water availability and pH, can, if 
not killing the cell outright, cause injury. The method of recovery of sub-lethally injured 
survivors critically depends on the growth medium used. For instance, survivors in 
processed foods can escape enumeration detection because of the differentiating pressures 
imposed on them by selective enumeration techniques (Ray, 1986). The presence of sub-
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lethally injured pathogenic microorganisms in foods is of significance because of their 
potential to repair, multiply and hence cause illness (Hurst, 1977).
Thus, the accuracy of direct plate count enumeration on thermally-injured cells is dependent 
on the composition of the growth medium such that sensitivity may develop to selective 
agents that cells normally are resistant to (Ray, 1986). Furthermore, the nutritional content 
and complexity of the media will influence enumeration. Survivors of a lethal heat 
challenge are able to repair damage more readily in simple minimal media than in complex 
media (Hurst, 1977). This ‘minimal media’ phenomenon is believed to be connected with 
the development of D N A  lesions attributed to the toxicity of ingredients in complex media, 
or their metabolic by-products (Gomez &  Sinskey, 1975). Liberation of reactive oxygen 
species during aerobic metabolism, normally controlled by catalase and superoxide 
dismutase etc., may cause such damage. Following heat injury, the amount of these highly 
heat sensitive enzymes will be reduced, especially if nucleic acid damage has resulted in 
their reduced transcription. The addition of catalase to recovery media has been shown to 
aid recovery from heat stress for Escherichia coli (Mackey & Seymour, 1987).
Investigations coinciding with this work by Campos & Humpheson (unpublished data) on 
the recovery rates of heat challenged S. enteritidis cultured on selective, nutritious or 
minimal media recorded maximal recovery rates using a general purpose laboratory medium 
(NA). An alternative enumeration approach is to eliminate the potential for the creation of 
reactive O2 species, achieved by performing the heat inactivation and recovery procedure in 
the absence of oxygen. D-values have been demonstrated to be significantly increased for 
Salmonella (Xavier & Ingham, 1993) and Listeria (Knabel et al., 1990) when anaerobic 
handling and culturing methods were followed. The effect of anaerobic recovery on the 
shape of survivor curves was investigated in S. enteritidis by Humpheson (unpublished
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data). Although anaerobic enumeration resulted in an increased heat resistance, there were 
no differences in the shape of survivor curves compared to aerobically recovered survivors.
As discussed in the Results (3.4.1), it is often regarded necessary to allow a resuscitation 
period following sampling, prior to plating on solid medium (Cole et al., 1993). Proposals 
behind the need for a resuscitation step relate to the possible reduction in osmotic stress, 
experienced during dilution and plating, that resuscitation can offer. The surface of solid 
media can exert a particularly strong osmotic stress as evaporation of water from the 
medium leads to case hardening, resulting in a drop in water activity (Jarvis, 1989). To 
minimise such possibilities, the use of fresh agar medium is recommended for each 
experiment. In view of this and as there were no significant differences found between 
resuscitated and directly plated samples, N A  plates were stored refrigerated and used within 
four days where possible.
Vas and Proszt (1957) concerned with tailing in Bacillus cereus spore populations, 
calculated that approximately 1 in 107 or 108 spores exhibited extreme heat resistance. In an 
experiment to investigate whether this level was reliable and constant, the authors 
demonstrated that the number of extreme heat resistant survivors was dependent on the 
initial total and the proportion was always constant. This too, was demonstrated for S. 
enteritidis in this work (Figure 3.4). It is believed that the initial apparent shoulder was a 
function of the come-up time, where cell death was slower than expected due to the drop in 
menstruum temperature following the addition of 1 ml inoculum (see Chapter 4.4.2). The 
presence of tailing survivors at 1 in 104 or 105 is much higher than the figure quoted by Vas 
and Proszt (1957) for B. cereus spores. This may reflect a greater physiological uniformity 
found among spores; they would be generally formed during the same period of population 
growth.
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Survivor curves for Salmonella depicting death over four to five logio cycles would, 
according to data presented here, not illustrate tailing or at the very least, show sporadic 
deviation only at the very end of the survivor curve. There are a number of published 
survivor curves of this nature (e.g. Corry & Barnes 1968; Humphrey et al. 1991b). Minor 
deviations such as these have previously been attributed to errors associated with low level 
survivor enumeration. For this reason, Cerf (1977) concluded that no confidence should be 
attributed to data corresponding to < 102 survivors ml"1 unless replicated repeatedly. The 
development of a simple low level enumeration procedure is therefore essential. 
Furthermore, the flask method allows for large sampling in order to resolve survivor counts 
down to a level of 0.7 logio cfu ml"1, i.e. 1 cfu in 5 ml of menstruum. This along with 
generation of replicate data sets were considered essential elements of the approach adopted 
for thermal inactivation studies on Salmonella.
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4 . 0  C o m p a r i s o n  o f  l o g - l i n e a r  a n d  l o g - l o g i s t i c  m o d e l s  
t o  d e s c r i b e  t h e  t h e r m a l  i n a c t i v a t i o n  o f  S a l m o n e l l a
4.1 Summary
Thermal inactivation of microorganisms has traditionally been described as obeying a log- 
linear relationship with time elapsed and this assumption is used to calculate heat processing 
times for an entire range of food products. This is despite a substantial quantity of research 
which suggests deviations from log-linear death do occur for both vegetative and spore- 
forming bacteria. Thermal death models based on D-values should not be applied to 
inactivation data displaying tailing, since model fit in such cases is poor.
In this work, the death of Salmonella enteritidis PT4 was measured at 5°C intervals between 
50°C and 65°C in a simple laboratory liquid medium. Survivor curves displayed varying 
degrees of tailing which prevented their accurate description by decimal reduction time 
calculation. Greatest deviation from linearity was seen at the higher temperatures. Increased 
fit and attributed confidence was obtained by modelling the data using the vitalistic approach 
proposed by Cole et al. (1993), based on a modified log-logistic transformation. The model 
was found to be both accurate and unifying across the temperature range.
4 . 2  I n t r o d u c t i o n
Development of the preservation techniques used to manufacture safe food products has 
largely been based on experience. Only relatively recently have efforts been made to ‘build 
in’ safety, based on knowledge of specific pathogenic bacteria (Knpchel &  Gould, 1995). 
For over 70 years many microbiologists have assumed that bacteria die exponentially
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following first order reaction kinetics. This can be represented by plotting the log of 
survivor numbers against exposure time, resulting in a straight line (Ball, 1943). Quantifying 
this relationship, the D-value (the time taken for a 90% reduction in numbers) has been 
adopted to describe pasteurisation and sterilisation, and has been universally employed 
throughout the food industry. This approach, originating out of the ‘mechanistic’ theory, 
assumes all cells present possess an equal heat resistance, and that mere chance dictates 
when an individual is inactivated (Charm, 1958; McKee & Gould, 1988).
This D-value model, however, makes no concessions for deviations from log-linear 
inactivation. The existence of deviations, whether shoulders or tails, has gained acceptance 
in recent times. Those researchers who do not dismiss them as experimental artefacts 
subscribe to the vitalistic theory, citing physiological causes for such observations (Anderson 
et a l 1996). The vitalistic approach recognises a distribution of heat resistance may be 
present in a bacterial population. Since distribution pattern characteristics are seen in many 
areas of biology, it is reasonable to assume that bacterial heat resistance is not exempt. 
Withell (1942) described, in detail, how a log-normal distribution of resistance could 
describe both log-linear death kinetics and observed deviations from lineality, depending on 
the standard deviation of the distribution. Development of a log-logistic model by Cole et al. 
(1993) has recently been employed with a high degree of apparent accuracy to quantify the 
inactivation of a variety of vegetative pathogenic bacteria (Cole et al., 1993; Ellison et al., 
1994; Little et al., 1993; Stephens &  Cole, 1994). The accuracy is labelled as apparent, 
because the model employs logio time rather than linear time, as used for D-value 
determination. Obviously, mar gins of error will be much smaller in a system that substitutes 
logio values for a linear measurement of time.
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In this chapter, the thermal inactivation of Salmonella enteritidis PT4 was investigated over a 
range of temperatures. Inactivation curves were then modelled using the D-value approach 
and the log-logistic model of Cole et al. (1993) with a view to assessing which method best 
described inactivation over 50-65°C.
4.3 Materials and Methods
4.3.1 Organism maintenance and resuscitation
Salmonella enteritidis phage type 4 P I67807, supplied by Division of Enteric Pathogens, 
Central Public Health Laboratory, London, UK, was stored frozen in bead vials (Protect; 
Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70°C and resuscitated to 
109 cfu ml'1 in 10 ml of Nutrient broth (NB; Unipath U K  Ltd, Basingstoke, Hampshire, UK) 
incubated stationary at 37°C for 24 h.
4.3.2 Heat challenge protocol
4.3.2 .1  Preparation of cell inoculum
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath U K  
Ltd, Basingstoke, Hampshire, UK) for the inoculation of pre-warmed (to 37°C) 100 ml NB, 
to give initial suspensions of approximately 1 cfu ml'1. These broths were incubated at 37°C 
for 18 h ± 1 h and immediately centrifuged (6,500 x g for 15 min at 20°C). Centrifuged cell 
pellets were resuspended in 2 ml NB and given 15 min equilibration at 37°C prior to heat 
challenge.
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4 .3 .2 .2  H eat challenge
4.3.2.2.1 F lask heating procedure
One ml of the cell concentrate was added to 40 ml of NB held at 50, 55, 60 or 65°C, using a 
water bath, in a plugged 100 ml flask. The flask contents were stirred via a magnetic flea, 
propelled by a custom-made 12 V  d.c. submersible stirrer operating at 60 lpm to minimise 
vortex formation. The external water bath level was maintained at the neck of the flask, 
approximately 5 cm proud of the flask contents, and polypropylene spheres employed to 
reduce evaporation. Temperature regulation was provided by a Haake DC-1 circulator heater 
(Fisons Scientific Equipment, Loughborough, Leicestershire, UK). Heating menstruum 
temperature was measured using a N A M A S certified probe and digital indicator (Pt 100 
probe and Series 268 indicator; Anville Instruments, Camberley, Surrey, UK) and the 
circulator correction factor set accordingly to give an accuracy of ± 0.05°C.
4.3.2.2.2 Submerged Coil heating apparatus procedure
Recovered cell pellets were resuspended in 15 ml of NB and equilibrated at 37°C for 15 min. 
The Submerged Coil heating apparatus (Protrol Instruments, Weybridge, Surrey, UK) was 
equilibrated up to the investigation temperature (65 or 53°C) and the coil tubing sterilised by 
flushing with alcohol and sterile distilled water. The cell suspension was injected into the 
coil and sampled at appropriate intervals via a manual pipetting system. At each time point, 
two 400 pi aliquots were dispensed. The first, waste wash, was discarded and the second 
diluted into 3.6 ml NB for enumeration.
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4.3.3 Recovery and enumeration procedure
Heating menstruum samples were pipetted from the heat challenge flask at pre-determined 
intervals. Where necessary, 1 ml volumes were added direct to M R D  and further diluted 
tenfold prior to 10 pi quarter spread plating on Nutrient agar (NA; Unipath U K  Ltd, 
Basingstoke, Hampshire, UK). Neat samples were dispensed into glass universals (at room 
temperature) to cool. Depending on the sensitivity required, samples were surface plated 
onto N A  as 10 pi or 100 pi spread plates, or used to produce 1 ml or 2.5 ml pour plates. A ll 
plates were prepared in duplicate and incubated aerobically at 37°C for 48 h.
To enumerate time zero populations, representative samples of concentrates were diluted and 
plated appropriately prior to heating.
4.3.4 Generation of death curves for modelling
The ‘come-up’ times for temperatures 50 to 65°C at 5°C intervals were assessed using ‘water 
blanks’ at the volumes stipulated in section 4.3.2.2.I. A  temperature probe (Testo 110, 
Germany) was used to record temperature variation over time caused by the addition of 1 ml 
water (equilibrated to 37°C).
At least four replicate survivor curves were produced for each temperature, using the flask 
method, and a single survivor curve at 53°C and two at 65°C were generated using the 
Submerged Coil heating apparatus.
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4.3.5 Mathematical analysis of death curves
4.3.5.1  Log-linear analysis
Linear regression was performed for each temperature data set over the time points where 
death was of an approximately linear nature, using Microsoft Excel™ charting (Microsoft, 
USA). D-values (min) for each temperature were calculated from the reciprocal of the slope 
estimate and corresponding correlation coefficients were determined. The z-value was 
calculated from the given D-values.
4 .3 .5 .2  Log-logistic analysis
Non-linear regression was performed on each data set using the N L IN ™  procedure of SAS 
(SAS Institute Inc., USA) based on the log-logistic transformation described by Cole et al. 
(1993):
LogI0 (cfu ml-1) = a  + ^  a  -r- (4.1)
4cr T - lo g 10 time
1 + exp-—  ---------------- ,-L
( o - a
where a  is the upper asymptote (logio cfu ml"1), CO is the lower asymptote (logio cfu ml"1), 
cr is the maximum slope of the inactivation curve (logio cfu ml'1 against logio time) and r is 
the logio time at which the maximum slope is reached (Figure 4.1). In order to model time 
zero data, logio time requires the substitution of a suitably small value for the purposes of 
fitting, as logio of zero is undefined. Time 0.001 min was chosen (logio time = -3 min) 
because it was considered too small for the mathematical fit to be influenced, due to the 
asymptotic nature of the logistic distribution.
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Fig. 4.1 Representation of the four parameters a  (upper asymptote), co (lower asymptote), cr 
(maximum slope) and % (time to maximum slope) of a log-logistic curve for thermal death.
Equation 4.1 was fitted to the inactivation data to give parameter estimates for a ,0) ,<T,T  at 
each tested temperature. As a result of the relationship shown between the parameters and 
temperature in the preliminary work, eqn 4.1 was modified and refitted to all data sets using 
the NLIN™ procedure of SAS to describe the inactivation of S. enteritidis PT4 PI67807 
from 50°C to 65°C.
4.4 Results and Discussion
4.4.1 Log-linear analysis of death curves
Replicate plots of survivor curves for each temperature investigated are given in Figure 4.2. 
From these data, D-values were calculated in one of two ways. Firstly, linear regression 
values were obtained for regions of survivor curve showing linearity, together with 
correlation coefficients. Secondly, D was calculated for each temperature for the complete 
recorded inactivation. Correlation coefficients obtained were used to gauge the deviation
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from linearity. These values are recorded in Table 4.1. Z, based on the D-values for linear 
inactivation was determined to be 4.04°C (r2 = 0.9780). Death curves for each temperature 
showed varying tendencies to stray from linear death. Deviation from log-linear kinetics 
were seen in most cases when cell numbers dropped below 103 cfu ml'1.
Table 4.1 Calculated D-values for each temperature data set, comparing values and respective 
correlation coefficients for linear death and complete recorded death.
Temperature (°C) D-value (m in / r2 value* D-value (min)* r2 value*
50 161.12 0.9752 194.47 0.9329
53* 12.26 0.9755
55 4.98 0.9707 6.04 0.8893
60 0.20 0.9586 0.37 0.7927
65 0.04 0.9631 0.04 0.8837
* Linear death data available only.
* Data for linear death depicted in Figure 4JL.
* Data for complete recorded death depicted in Figure 4..X
In order to analyse the data using the traditional D-value method, unjustifiable exclusion of 
selected raw data is necessary if the resulting D-values are to have a reasonable degree of 
confidence attributed to them. To achieve this, data points which significantly deviated from 
a straight line, for all temperatures, were omitted from the calculations. The heat challenge 
investigationAdescribed, were performed on 18 h ± 1 h cultures (grown at 37°C). This age, 
corresponding to early stationary phase (determined by a growth curve), was chosen because, 
not only did it make for convenient timing of experiments but also allowed for accurate 
comparison with the surveyed literature. Table 4.2 provides examples of published
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Fig. 4.2 Replicate data sets for each temperature represented as semi-logarithmic plots, (a) 65°C; (b) 
60°C; (c) 55°C; (d) 53°C; (e) 50°C. Two heat challenge protocols are shown: flask method (—); 
Submerged Coil heating apparatus (—). Arrow indicates below enumeration detection limit.
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D-values for various Salmonella serotypes over a range of temperatures. Exact details of 
culture preparation and heating conditions are reported, as it is universally accepted that 
these aspects can greatly influence heat sensitivity (Hansen &  Riemann, 1963). 
Consequently, only experimental procedures which were directly comparable to those used 
in these investigations are included.
The D-values used to construct Table 4.2 were obtained from papers which often excluded 
information on the shapes of survivor curves. Thus, it cannot be anticipated if tailing was 
excluded from these D-value calculations. In view of this, both data sets presented in Table
4.1 should be referred to when comparing D-values. It is evident that the S. enteritidis strain 
used in this work has an average heat resistance among salmonellae. The calculated z-value 
also corresponds well with that of the literature. Descriptions of z in high water activity (aw) 
heating menstruua typically range from 4 to 5°C for the majority of salmonellae (Blackburn 
et al., in press). The work of Baird Parker et al. (1970) serves to illustrate well the extreme 
heat resistance of some strains of S. bedford and S. senftenberg. It is well documented that S. 
senftenberg 775W is unique among salmonellae because of its high heat resistance (Ng et a l., 
1969).
Studying the survivor curves over the temperature range 50°C to 65°C for the contribution of 
tailing to the overall death kinetics at different temperatures, it is possible to use the D-value 
correlation coefficients for complete recorded death. Anderson et al. (1996) took a similar 
approach for studying the thermal inactivation of Clostridium botulinum  213B spores and 
concluded that tailing became more significant the lower the temperature, and hence death 
rate. Here, this effect was not seen and in fact, it can be argued that survivor curves 
assumed a more linear nature at lower temperatures. This may simply be a reflection of the
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T able 4.2 D-values for various Salmonella serotypes at a range of temperatures from published 
literature.
Salmonella
serotype
Growth and heating 
conditions
Temperature
(°C)
D-value
(min)
Reference
anatum* 18-22 h at 37°C heated 60 0.4 - 0.9 Baird-Parker et al.
bedford* in Difco heart infusion 60 0.3 - 5.3 (1970)
derby* broth 60 0 .4 -1 .2 il
dublin* 1 60 0.5 - 0.6 ll
enteritidis* M 60 0.7 -0 .8 it
Indiana il 60 0.6 - 0.7 il
newport* il 60 0.7 - 1.5 il
senftenberg* II 60 0.2 - 6.5 ll
typhimurium* II 60 0.2 - 0.9 il
enteritidis grown at 37°C to early 52 5.4 Xavier & Ingham
It stationary phase heated in 54 2.8 (1993)
I? casein peptone soymeal 56 1.4 11
II peptone broth + 0.6% yeast 
extract
58 1.0 ll
typhimurium grown at 37°C to tryptone 50 91* - 322* Mackey & Derrick
il stationary phase heated in 52 33* - 63* (1986)
II soya broth 55 7.3* - 7.9* ll
il H 57 —
+ i H-t 00 ti
II 1 59 0.4* - 0.9* ll
enteritidis PT4 10'1 dilution of a 37°C 
over-night culture used 
incubated at 37°C for 3 h 
heated in lemco broth
55 5.2 Humphrey et al. 
(1991b)
thompson see Mackey & Derrick 54 24.9* - 27.7* Mackey & Derrick
It (1986) 60 0.5* - 0.7* (1987b)
* D-value range represent minimum and maximum values for a number of strains for each serotype tested.
* D-value calculated from presented data for time to a 3 logio reduction.
* D-value calculated from presented data for time to a 7 logio reduction.
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different organisms used in the studies, in particular, the death of spores may give differing 
kinetics to vegetative cells. Ababouch &  Busta, (1987) have also demonstrated increased 
tailing with decreased temperature during the thermal inactivation of Cl. botulinum  and CL 
sporogenes suspended in vegetable oils. However, the experimental limitations of the flask 
heating protocol employed here, must also be examined for potential failings at the higher 
temperatures.
At these higher temperatures, there was concern as to whether mixing of the cell concentrate 
inoculum into the bulk of the heating menstruum was sufficiently rapid to ensure uniform 
distribution prior to the extraction of the first enumeration sample. In Chapter 3.5, it was 
noted that complete homogeneity was achieved after 10 s of mixing. In order to achieve a 
faster mixing, an increased stirrer speed would be required. However, this was considered 
inappropriate because it was believed this would have led to excessive vortex formation, 
resulting in the splashing of aerosols to regions of lower temperatures within the flask. At 
65 °C, the speed of death was such that sampling was necessary every 5 s in order to gather 
sufficient enumeration points to fully described the inactivation kinetics. Thus, it was not 
unexpected to find that D-values and levels of tailing varied greatly between replicates at this 
temperature. In view of this, only the four median replicate survivor curves were recorded 
and reproduced in Figure 4.2. However, at 60°C and below, it is believed that mixing was 
sufficiently swift as to produce reproducible survivor curves and hence, no replicates were 
deemed unusable.
The presence of tailing at all temperatures investigated demonstrates that the assumption of 
log-linear inactivation regardless of the temperature and cell numbers is incorrect. 
Furthermore, it also confirms the many observations spanning several decades, using a 
variety of heating methods, on a range of microorganisms, including both vegetative and
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spores, that deviations from log-linear inactivation do occur. Despite this uncertainty 
regarding the true nature of inactivation kinetics, Stumbo (1973) stated that D-value 
calculation for food processing applications should concentrate only on data where a log- 
linear death relationship exists. This neglect of the heat resistance of tailing cells has 
potentially serious implications for the safety of a food product receiving a heat process 
(Cerf, 1977).
A  process which, for example, resulted in 6 logio cycles reduction in salmonellae numbers, 
would be expected to kill all those present if there were initially 103 salmonellae present. 
This would still be the case if one of these cells was a more heat resistant tailing organism 
with a D-value twice that of the majority. However, because D-values are calculated from 
logio cell numbers and the logio of zero cells is undefined, heat treatment are based on 
probabilities. For instance, using the above example, such a heat process may be expected to 
result in the chance survival of a salmonella in a thousand. However, with the occasional 
presence of a tailing cell, this probability may be reduced ten-fold or more. Thus, although 
tailing cells may only be present at very low levels within the microflora, their consequence 
for product safety shoidd^considered when assessing the lethality of a heat process.
However, the canning industry for example, has had an unsurpassed safety record, 
particularly with regards to the major organism of concern: Cl. botulinum  (Anderson et a l., 
1996). This though, must be presumed to be a consequence of the combination of the 
‘botulinum cook’ and the limited heat tolerance of the pathogens, compared to spoilage 
spore-formers, such as Cl. sporogenes (Adams &  Moss, 1995). In low-acid, high-aw canned 
foods, it is recommended that sufficient heat should be delivered to produce the equivalent of 
a 12 logio reduction in the number of viable CL botulinum  spores (Adams & Moss, 1995). 
Thus, if the contents of a can contained 103 spores piior to the retort process, one in 109 cans
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could contain a viable spore. However, the thermal inactivation model developed by 
Anderson e ta l. (1996) for non-logarithmic survivor curves of Cl. botulinum  suggested that a 
processing time to achieve a 12 D  reduction would in fact, only result in 7 logio cycles 
reduction in numbers, giving a survival rate of one in 104 cans. In practice though, 
elimination of spoilage spore-formers requires a heat process that can produce a 24 logio 
reduction in CL botulinum  spores. Thus, it is not surprising Cl. botulinum  growth in canned 
products is extremely rare and in almost all cases is due to a processing fault.
It would appeal- then, that despite the presence of tailing, margins of safety for heat 
processing are presently sufficient to account for the extra heat resistance of such proportions 
of microbial populations. However, it is possible that present trends towards marginally 
processed, preservative-free foods will in the future lead to comprised product safety, if D- 
values are calculated on the basis of strictly log-linear thermal inactivation. In view of this, 
the survivor curves described by D-value analysis were modelled using the log-logistic 
model of Cole et al. (1993), which would not only account for log-linear inactivation but 
also, deviations from it. The log-logistic approach describes the survivor curve as a 
distribution of heat resistance among a population. This vitalistic approach uses a logistic 
function of logio survivors against logio time (logio dose), and has been applied successfully 
to quantify: the effect of temperature on the inactivation of Listeria monocytogenes (Cole et 
al., 1993); the effect of temperature on the inactivation of S. enteritidis (Blackburn et al., in 
press); the effect of heating rate on the inactivation of L. monocytogenes (Stephens &  Cole.) 
1994); the effect of pH and temperature on the survival of Yersinia enterocolitica (Little et 
al., 1993); and the effect of temperature on the inactivation of S. typhimurium  (Ellison et al., 
1994).
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Fig. 4.3 Replicate data sets for each temperature modelled represented as a log-log plot. (•) 65°C; 
(■) 60°C; (A) 55°C; (#) 53°C; (♦) 50°C. Two heat challenge protocols are shown, (— ) flask 
method; (— ) Submerged Coil heating apparatus. Arrows indicate below the limit of detection.
Replicate data sets for each temperature investigated (Figure 4.2) were used to construct a 
single plot of logio survivors against logio time (Figure, 4.3). The log-logistic transformation 
(eqn 4.1), when fitted to each data, set yielded similar values for the upper asymptote 
parameter a  and the slope parameter g  (Table 4.3). Parameter estimates for the lower 
asymptote co displayed variation for each temperature (Table 4.3). This was due to the 
influence of the availability of count data at low survivor numbers, i.e. when low final counts 
were obtained, values for oo were similarly low. Values generated for Twere expected to 
demonstrate a linear relationship when plotted against temperature. This is because, as a 
measure of the logio time at which maximum slope is reached, inactivation time would be
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directly proportional to the temperature. Hence, for the data sets recorded at 5°C intervals in 
Figure 4.3, the distance between each point of maximal slope was expected to be equal but 
this was not evident.
Table 4.3 The calculated values for log-logistic parameters a , <T, T , G) for each modelled data set 
across the temperature range.
Temperature (°C) a <T T CO
50 8.718 -10.061 2.981 -2.985
53 9.128 -6.544 1.502 4.338
55 8.744 -9.350 1.285 -0.895
60 8.934 -8.294 -0.006 -1.361
65 9.041 -9.993 -0.945 0.795
Use of the log-logistic model by Cole et al. (1993), Blackburn et al. (in press), Stephens &  
Cole (1994), Little et al. (1993) and Ellison et al. (1994) demonstrated a linear movement of 
T with temperature. Here though, this was clearly not the case, confirmed by a plot of T 
against temperature (Figure 4.4), fitting a quadratic polynomial function best (r2 = 0.9867). 
Consequently, because of this unexpected relationship of T with temperature, the estimated 
parameters for each data set, when modelled as a complete matrix, resulted in predicted 
logio-logio survivor curves deviating from the actual data sets. This lack of agreement is 
demonstrated in Figure 4.5 in which difference between predicted and measured data is 
greatest at the extremes of temperatures investigated. The extent of this discrepancy between 
predicted and actual values resulted in a root mean squared error (RMSE) for the model of 
3.4978.
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Temperature (°C)
Fig. 4.4 Relationship between T and temperature, generated from eqn 4.1; r2 = 0.9867.
This non-linear response of T was also noted by Anderson et al. (1996) when modelling the 
thermal inactivation of Cl. botulinum  213B spores, as temperature approached 121 °C. The 
authors cited limitations in the experimental procedure to account for this. They speculated 
that the actual temperature at which inactivation was occurring in the higher temperature 
experiments, was lower than the expected temperature entered into the model. This 
temperature difference existed due to the cooling effect of the spore inoculum on the heating 
menstruum volume. At higher temperatures, where death was more rapid, the inactivation 
time spent below the expected temperature would contribute to a greater proportion of cell 
death, such that the cells would be dying slower than predicted.
This influence of an experimental come-up time was demonstrated in the flask protocol 
employed here. The temperature decrease following the addition of 1 ml to the heating 
menstruum was greatest at 65 °C but the time required to return to the pre-set temperature 
remained roughly constant, regardless of temperature (Figure 4.6).
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log survivors log survivors
log t3m«(mlr») log tlmo(mln)
log survivors log survivors
log time(mlni> log timo(mln)
log survivors
log tims(mln)
Fig. 4.5 Logarithmic plots of the log-logistic transformation (eqn 4.1) to each data set. (a) 50°C; (b) 
53°C; (c) 55°C; (d) 60°C; (e) 65°C.
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Time (s) Time (s)
Fig. 4.6 Come-up times for heating menstruum following inoculation (1 ml, pre-warmed, into 40 
ml) for temperatures investigated using the flask heat challenge protocol, (a) 50°C; (b) 55°C; (c) 
60°C; (d) 65°C.
The fact that the come-up time at 65°C was over 120s and the maximum recorded 
temperature drop was approximately 0.7°C, meant that the entire recorded death at this 
temperature was below the expected temperature. Again, this was true for virtually all 
recorded inactivation at 60°C. Noting this, two replicates at 65°C were performed using the 
Submerged Coil heating apparatus. Although this device was criticised in Chapter 3.5 for its 
artefactual tailing, it is advantageous over the flask heating method in that it heats the cells in 
a prepared suspension at an almost instantaneous rate (Cole & Jones, 1990). Thus, the two 
replicates at 65°C produced much lower enumeration levels for the first sample points (at
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5s), compared to the flask heating method replicates. However, because of the artefactual 
tailing encountered with the apparatus, the levels of tailing were higher at this temperature 
than experienced with the flask method. This artefact was most noticeable at 53°C. In view 
of this, only data for the initial 3.5 logio reduction was used for D-value calculation and 
modelling, thereafter a prolonged tail was recorded at a level of approximately 5 logio cfu 
ml'1 (data not shown).
In order to account for the effect of the come-up time, a quadratic response was substituted 
for T . The transformation of eqn 4.1 resulting from these observations is shown in eqn 4.2:
Log10(cfuml ')  = « +  7 j —       rr (4.2)
(4<t((/? + (5 x temp) + (e x temp x temp))- logi0 time))
1 +  exp-
co-oc
where p ,8 , e  are the coefficients of the quadratic expression for t  . Due to the random 
nature of the value for the lower asymptote co, a fixed value was substituted into eqn 4.2. 
The assigned value (-3.0) was chosen according to analysis made by Anderson et al. (1996) 
when investigating the thermal inactivation of Cl. botulinum  213B. The authors substituted 
several fixed values for co and determined that -3.0 yielded the lowest R M SE  for the model. 
The final parameter estimates for eqn 4.2 were:
a  = 9.00006222 P = 40.77565606
co =-3.0 8  =-1.14765803
e  = 0.00784016 a  = -8.35681631
with a RMSE for the model o f 0.3914764.
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Fig. 4.7 Logarithmic plots of the modified log-logistic transformation (eqn 4.2) to each data set. (a) 
50°C; (b) 53°C; (c) 55°C; (d) 60°C; (e) 65°C.
87
Chapter 4 Modelling the thermal inactivation o f salmonella
Using these new parameter values, the entire data set was re-modelled and predicted curves 
plotted against actual data sets for each temperature (Figure 4.7). The substituted quadratic 
function resulted in a slope cr that was constant for all temperatures, enabling the same 
curve to be fitted to each data set whilst allowing it to move with temperature in an inverse 
relationship with logio time.
Substituting the parameter values oc,G ),G ,£,/?, <5 back into eqn 4.2 for given logio time- 
temperature combinations, logio cfu ml"1 predictions were calculated for comparison with 
measured survivor counts from the raw data over the complete temperature range. Plotted as 
measured logio cfu ml"1 against predicted logio cfu ml"1, the resulting line equation was:
y  = 0.9996x -  0.0496 
with a corresponding r2 value of 0.9472 (Figure. 4.8).
The quality of the model was adequately demonstrated by comparing predicted survivor 
numbers against measured data in this way. Theoretically, both should be equal and so the 
resulting plot would give a perfect line (y -  x). Further adequacy of model fit to the data is 
expressed by the R M SE  value. This parameter is a measure of the variability remaining 
after model fitting and can arise from several sources. These include natural variability 
between prepared cultures, and systematic errors and bias originating from laboratory 
methods (McClure et a l., 1994). An absolute model fit would yield a RM SE of zero, the 
value gained here was 0.3915.
Concluding, it can be seen that modelling of complete survivor curves cannot be accurately 
achieved using the of log-linear inactivation model. Instead, the vitalistic concept appears to 
fit the observed kinetics with a much greater degree of confidence. This work further adds
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to the body of literature commenting on the significance of deviation from log-linear thermal 
inactivation kinetics.
Predicted logio cfu ml'1
Fig. 4.8 Goodness-of-fit of model as demonstrated by the correlation between measured survivor 
counts, across the complete temperature range; (•) 65°C, (•) 60°C, (•) 55°C, (•) 53°C, (•) 50°C, 
and predicted survivor counts derived from eqn 4.2. Equation of line: y  = 0.9996x - 0.0496, 
correlation coefficient = 0.9416.
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5 . 0  D e s c r i p t i o n  o f  t h e r m a l  i n a c t i v a t i o n  k i n e t i c s  i n  
S a l m o n e l l a
5.1 Summary
The thermal inactivation kinetics of S. enteritidis PT4, S. typhimurium  F98 and S. senftenberg  
775W  were investigated. Using the previously described procedures designed to eliminate 
methodological artefacts, death kinetics for all three serotypes were found to deviate from the 
accepted model of first order inactivation. The inactivation of S. enteritidis over 55 to 60°C 
at 1°C intervals gave rise to biphasic survivor curves in all cases, to which D-values could be 
assigned. At all temperatures, the heat resistant tailing population represented 1 in 104 - 105 
of the initial population. Correlation coefficients for complete survivor curves indicated a 
trend towards greater linearity as temperature decreased. A  semi-log plot of D  for the initial 
and tailing inactivation rates against temperature demonstrated their convergence at 51°C, 
predicting survivor curves at this temperature would be linear and this was confirmed 
experimentally. A  similar biphasic description of the inactivation kinetics was obtained for S. 
typhimurium  between 56 and 60°C. In this serotype, convergence of logio D-values for the 
initial and tailing populations was predicted at 54°C and again, this was confirmed 
experimentally. However, the proportion of heat resistant cells in S. typhimurium  populations 
increased as temperature decreased.
The heat resistance of S. senftenberg strain 775W was, as expected, much higher than that of 
the two heat sensitive serotypes. Although biphasic inactivation was again observed, tailing 
cells formed a much higher proportion of the initial population (1 in 100 at 60°C) and like S. 
typhimurium, this ratio was dependent on the temperature of inactivation. Also, the 
temperature at which survivor curves became linear was much higher than predicted by a
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semi-log plot of D-values for the two populations. Investigations into the growth rate and 
acid and salt tolerances of S. senftenberg, compared to the heat sensitive serotypes, did not 
reveal any significant differences that might account for its atypical heat resistance. 
However, the role of heat shock proteins as a potential cause of tailing is discussed in detail.
5.2 Introduction
Salmonella represent an enormous public health concern due to their prevalence as a major 
cause of food-borne gastro-enteritis. Of the two thousand or so serotypes known, in the U K  
approximately 10% of these lead to food-borne infections per annum (Baird-Parker, 1990). 
The safety of many potentially salmonella-contaminated foods is often achieved by 
pasteurisation processing, at temperatures between 60 and 80°C. In view of this fact, during 
the past fifty years, a considerable amount of research has focused on the thermal resistance 
of salmonellae. There are numerous recordings of D-values for many serotypes in 
standardised laboratory media and wide-ranging food commodity types (e.g. Anellis et a l., 
1954; Baird-Parker et a l., 1970; D ’Aoust et a l., 1987; Orta-Ramirez et a l., 1997; Ng et a l., 
1969; Winter et a l., 1946). These data suggest that virtually all serotypes possess similar heat 
tolerances but there is one notable exception. S. senftenberg 775W in high-water activity («w) 
environments has been demonstrated to be at least ten-fold more heat resistant than typical 
salmonellae. However, exact reasons for this anomaly have been hard to establish (Ng et al., 
1969).
Despite this abundance of literature, much of it has used D-values as the only description of 
thermal inactivation kinetics. The importance of assigning D-values to purely log-linear 
inactivation was discussed previously and a review of the literature revealed accurate 
descriptions of complete survivor curves among salmonellae to be in short supply. In view of
91
C hapter 5 Thermal Inactivation kinetics o f salmonella
this and following the demonstration of biphasic inactivation in S. enteritidis at 60°C 
(Chapter 3.4.2), the kinetics of S. enteritidis and a similarly heat sensitive serotype S. 
typhimurium  were investigated at a range of temperatures below 60°C. These inactivation 
kinetics were compared with that of the heat resistant serotype S. senftenberg 775W.
5.3 Materials and Methods
5.3.1 Organisms
Salmonella enteritidis phage type 4 P I67807 (supplied by Division of Enteric Pathogens, 
Central Public Health Laboratory, London, UK), Salmonella typhimurium  F98 and 
Salmonella senftenberg 775W, NCTC 9959 (supplied by Department of Food Microbiology, 
Leatherhead Food Research Association, Leatherhead Surrey, UK), were stored frozen in 
bead vials (Protect; Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70°C 
and resuscitated to 109cfu ml'1 in 10 ml of Nutrient Broth (NB) at 37°C for 24 h.
5.3.2 Heat challenge protocol
5.3.2.1  Preparation o f cells.
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath U K  
Ltd, Basingstoke, Hampshire, UK) for the inoculation of pre-warmed (to 37°C) 1.5 1 NB to 
give initial suspensions of approximately 1 cfu ml'1. A ll broths were incubated statically at 
37°C for 18 h ± 1 h and immediately centrifuged (6,500 x g for 15 min at 20°C).
5 .3 .2 .2  H eat challenge.
Centrifuged cell pellets were resuspended in NB to give a volume of 1.5 ml and allowed to
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stand for 15 min at 37°C. For each heat challenge investigation, 1 ml of concentrate was 
added to 40 ml of NB contained in a plugged 100 ml flask pre-equilibrated to the 
investigation temperature in a water bath. Temperature regulation was provided by a Haake 
DC-1 circulator heater (Fisons Scientific Equipment, Loughborough, Leicestershire, UK). 
Heating menstruum temperature was monitored using a N AM AS certified probe and digital 
indicator (Pt 100 probe and Series 268 indicator; Anville Instruments, Camberley, Surrey, 
UK) and the circulator correction factor set accordingly to give an accuracy of ± 0.05°C. The 
flask contents were stirred via a magnetic flea, propelled by a custom-made 12 V  d.c. 
submersible stirrer operating at 60 rpm to minimise vortex formation. The external water 
bath level was maintained at the neck of the flask and polypropylene spheres employed to 
reduce evaporation/condensation.
5.3.3 D- and z-value assessment over a temperature range.
S. enteritidis was heat challenged in replicate at temperatures: 60-55°C (1°C intervals), and 
53, 51,49°C. S. typhimurium  was heat challenged in replicate at temperatures: 60-56°C (1°C 
intervals), and 54, 52°C. S. senftenberg was heat challenged in replicate at temperatures: 66, 
63, 60, 57 and 54°C. D-values were calculated together with correlation coefficients for each 
serotype at each temperature over linear regions of the mean survivor curves, permitting the 
calculation of z.
5.3.4 Recovery and enumeration procedure
Heating menstruum samples were pipetted from the heat challenge flask periodically. Where 
necessary, 1 ml volumes were added direct to M RD  and further diluted tenfold prior to 10 pi 
quarter spread plating on nutrient agar (NA). Neat samples were dispensed into glass
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universals (at room temperature) to cool. Depending on the sensitivity required, samples 
were surface plated onto N A  as 10 pi half-spreads or 100 pi whole-spread plates, or used to 
produce 1 ml or 2.5 ml pour plates. A ll plates were prepared in duplicate and incubated 
aerobically at 37°C for 48 h.
To enumerate time zero populations, representative samples of concentrates were diluted and 
plated appropriately prior to heating.
5.3.5 Statistical analysis
Replicate data sets were plotted as mean survivor curves together with standard deviations. 
Linear regression lines were fitted together with correlation coefficients (r2) to gauge degrees 
of linearity in survivor curves.
5.3.6 Growth analysis of S. enteritidis, S. typhimurium and S. senftenberg
Resuscitated S. enteritidis, S. typhimurium  and S. senftenberg cultures were diluted tenfold in 
M R D  for the inoculation of 100 ml pre-warmed (to 37°C) NB, to give an initial suspension of 
approximately 1 cfu ml'1. The cultures were incubated statically at 37°C and samples taken 
for enumeration for a period of 18 h.
Using eqns 5.1 and 5.2, the doubling time of each serotype was determined during maximal 
exponential growth.
lnX  = \nX 0 + p ( t )  (5.1)
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Where X  is the number of cells after incubation time t originating from a X 0 number of cells. 
p  is the instantaneous growth constant and tgen the doubling time.
5.3.7 Growth analysis of S. enteritidis and S. senftenberg in NaCI adjusted 
Nutrient broth
Resuscitated S. enteritidis and S. senftenberg cultures were used to inoculate NaCI adjusted 
50 ml NBs to levels of approximately 102 cfu ml"1. The growth rate of each serotype was 
determined at NaCI concentrations: 0.5% (unadjusted NB), 2% w/w  and 4% w/w. Each broth, 
incubated stationary at 37°C, was enumerated at 2 h intervals up to 10 h.
5.3.8 Survival of S. enteritidis and S. senftenberg in 10% NaCI adjusted 
Nutrient broth
Resuscitated S. enteritidis and S. senftenberg broths were used to prepare 18 h 500 ml NB  
cultures for centrifugation and subsequent concentration of cells in 2 ml of NB. Each 
concentrate was used to inoculate , in duplicate, 100 ml of pre-warmed (to 37°C) 10% w/w  
NaCI adjusted NB (NaCI concentration included the 0.5% NaCI content of unadjusted NB). 
Broths were incubated stationary at 37 °C and enumerated every 6 h during the first 24 h and 
every 24 h thereafter for a total of 12 days.
5.3.9 Survival of S. enteritidis and S. senftenberg in pH 3.5 adjusted Nutrient 
broth
Resuscitated S. enteritidis and S. senftenberg broths were used to prepare 18 h 500 ml NB  
cultures for centrifugation and subsequent concentration of cells in 2 ml of NB. Each
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concentrate was used to inoculate , in duplicate, 100 ml of pre-warmed (to 37°C) pH 3.5 
adjusted (1 m  HC1) NB. Broths were incubated stationary at 37°C and enumerated every 3 h 
for 24 h and again at 48 h.
5.4 Results
5.4.1 Thermal inactivation kinetics of S. enteritidis: D-value assessment
Measured inactivation between 60°C and 55°C at 1°C intervals gave rise to tailed survivor
curves in all cases (Figure 5.1). Over the temperature range, two distinct linear inactivation
rates were detectable, to which separate regression fits were assigned and D-values calculated
a t
(Table 5.1). In each case, the more resistant survivors were presenfya relatively constant 
proportion of the total population; approximately 1 in 104-105 (gauged by extrapolating the 
regression fit back to time zero). When analysed as complete survivor
Table 5.1 Initial and tailing D-values for S. enteritidis with respective correlation coefficients and a 
regression fit for entire recorded death at each temperature investigated.
Temperature 
(°C; ± 0.05)
Linear D- 
value (min)
r2 value Tail D-value 
(min)
r2 value Entire death 
r2 value
60 0.22 0.9863 0.91 0.9970 0.8815
59 0.38 0.9951 1.49 0.9870 0.8990
58 0.77 0.9966 3.18 0.9935 0.8690
57 1.47 0.9994 3.51 0.9715 0.9306
56 3.62 0.9920 9.14 0.9083 0.9418
55 6.28 0.9994 11.76 0.9995 0.9743
z-value (°C) 3.32 0.9957 4.27 0.9720
96
Chapter 6 Thermal Inactivation kinetics o f salmonella
(a)
O)o
i
£3
CO
(b)
D)O
|
ZJ
CO
Time (s) Time (s)
(d)
o>o
to
o
>
£3
CO
Time (s) Time (s)
(f)
o>o
o>
'E
ZJ
CO
Time (s) Time (s)
Fig. 5.1 Mean survivor curves for the thermal inactivation of S. enteritidis at: (a) 60°C; (b) 59°C; (c)
58°C; (d) 57°C; (e) 56°C; (f) 55°C. Regression lines determined for linear death at each temperature,
error bars represent standard deviation of mean data, arrows indicate below the lim it of detection.
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curves, death kinetics demonstrated a trend for greater linearity as the temperature decreased; 
correlation coefficients ranged from 0.8815 for 60°C to 0.9743 for 55°C.
5.4.2 Thermal inactivation kinetics of S. enteritidis: z-value assessment
The initial linear inactivation rate gave a z of 3.32°C and the tailing kinetics produced a z of 
4.27°C (Table 5.1). Two z-plots were constructed by plotting logio D-values of initial linear 
death and logio D-values of tailing death, against temperature. When each series was 
extrapolated to a decreasing temperature, convergence of the two lines was revealed at 
approximately 51°C (Figure 5.2). This indicated that survivor curves above this temperature 
would be tailed and those below would be linear. Survivor plots for temperatures 53, 51 and
Temperature (°C)
Fig. 5.2 S. enteritidis z-plots of initial linear inactivation (O) and tailing (□) over a 5°C temperature 
range at 1°C intervals. Lines of best fit converge at approximately 51°C.
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49°C confirmed this. Survival at 53°C displayed tailing, though at a reduced level compared 
with higher temperatures; inactivation at 51°C and 49°C resulted in an initial shoulder, longer 
at the lower temperature, followed by linear death without tailing (Figure 5.3).
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Fig. 5.3 S. enteritidis survivor curves for temperatures (a) 53°C; (b) 51°C; (c) 49°C. Arrow indicates 
below limit of detection.
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5.4.3 Thermal inactivation kinetics of S. typhimurium: D-value assessment
Measured inactivation of S. typhimurium  between 60°C and 56°C at 1°C intervals also gave 
rise to tailed survivor curves in all cases (Figure 5.4). Again, over the temperature range 
measured, two distinct linear inactivation rates were detectable, to which regression fits were 
assigned and D-values calculated (Table 5.2). In S. typhimurium, the proportion of the more 
resistant survivors changed as temperature decreased. Beginning at one in 104 during death at 
60°C, this ratio increased by approximately 0.5 logio cycles per degree C decrease. Analysed 
as complete survivor curves, death kinetics demonstrated a trend for greater linearity as the 
temperature decreased; correlation coefficients ranged from 0.8815 for 60°C to 0.9743 for 
55°C.
Table 5.2 Initial and tailing D-values for S. typhimurium with respective correlation coefficients and 
a regression fit for entire recorded death at each temperature investigated.
Temperature 
(°C; ± 0.05)
Linear D- 
value (min)
r2 value Tail D-value 
(min)
r2 value Entire death 
r2 value
60 0.18 0.9955 0.68 0.9741 0.8901
59 0.34 0.9794 1.08 0.9922 0.9153
58 0.67 0.9923 1.42 0.9927 0.9681
57 1.44 0.9972 2.67 0.9987 0.9808
56 2.70 0.9764 4.74 0.9999 0.9814
z-value (°C) 3.37 0.9987 4.72 0.9838
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Fig. 5.4 Mean survivor curves for the thermal inactivation of S. typhimurium at: (a) 60°C; (b) 59°C;
(c) 58°C; (d) 57°C; (e) 56°C. Regression lines determined for linear death at each temperature, error
bars represent standard deviation of mean data, arrow indicates below the lim it of detection.
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5.4.4 Thermal inactivation kinetics of S. typhimurium: z-value assessment
The initial inactivation rate gave a z of 3.37°C and the tailing survivors produced a z of 
4.72°C (Table 5.2). As with S. enteritidis, z was plotted for each population group and each 
series extrapolated to decreasing temperatures. Convergence of the two lines occurred at 
approximately 53.5°C (Figure 5.5). To confirm the pattern of convergence seen in S. 
enteritidis, survivor curves were determined for temperatures 54 and 52°C. These displayed 
no tailing deviation with a tendency to shoulder at the lower temperature (Figure 5.6).
Temperature (°C)
Fig. 5.5 S. typhimurium z-plots of initial linear inactivation (O) and tailing (□) over a 4°C 
temperature range at 1°C intervals. Lines of best fit converge at approximately 53.5°C.
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Fig. 5.6 S. typhimurium survivor curves for temperatures (a) 54°C; (b) 52°C. Error bars, where 
applicable, represent the standard deviation of the mean.
5.4.5 Thermal inactivation kinetics of S. senftenberg: D-value assessment
Table 5.3 Initial and tailing D-values for S. senftenberg with respective correlation coefficients and a 
regression fit for entire recorded death at each temperature investigated.
Temperature 
(°C; ±  0.05)
Linear D - 
value (min)
r2 value Tail D-value 
(min)
r2 value Entire death 
r2 value
66 0.12 0.9294 0.49 0.9833 0.8901
63 0.45 0.9707 1.56 0.9946 0.9153
60 1.65 0.9346 4.50 0.9927 0.9896
z-value (°C) 5.01 0.9987 6.22 0.9838
The inactivation kinetics of the highly heat resistant serotype S. senftenberg were investigated 
to assess whether a similar relationship of biphasic inactivation and temperature existed. 
Measured inactivation of S. senftenberg at 66, 63 and 60°C demonstrated rapid initial death 
followed by a slower secondary inactivation rate. These curves were again biphasic but the 
tail survivors formed a much greater proportion of the initial population, compared to S.
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enteritidis. Like S. typhim urium , this level increased as temperature decreased, with
(Figure 5.7). These rapid initial death rates made it difficult to accurately assign D-values and 
hence regression fits were based on the first three sample points in each case. It was
included in calculations in order to increase the confidence attributed to each regression 
calculation. The respective D - and r2 values are given in Table 5.3.
0 600 1200 1800 2400 3000
Time (s)
Fig. 5.7 Mean survivor curves for the thermal inactivation of S. senftenberg at: (a) 66°C; (b) 63°C;
(c) 60°C. Regression lines determined for linear death at each temperature, error bars represent
standard deviation of mean data, arrow indicates below the lim it of detection.
approximately tenfold more cells making up the tail population with every 3°C decrease
debatable whether the third time points formed part of the initial death rates but they were
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5.4.6 Thermal inactivation kinetics of S. senftenberg: z-value assessment
Z-plots of the initial and tailing death rates for S. senftenberg revealed that convergence did 
not occur until approximately 46°C (Figure 5.8). Z-values for both inactivation rates are 
given in Table 5.3. As with the more heat sensitive salmonellae tested, the shape of survivor 
curves at lower temperatures was determined. At 57°C, a rapid initial inactivation rate was 
virtually absent, overall, the survivor curve was slightly sigmoidal in shape (r2 = 0.9900). 
The D 570C was calculated at 8.54 min. At 54°C, kinetics were initially linear followed by a 
noticeable increase in inactivation rate after the first 5 logio cycles kill, leading to an 
upwardly convex slope (Figure 5.9). The D 54°c (calculated for the complete survivor curve) 
was found to be 25.93 min (r2 = 0.9804). The relationship of tailing and temperature 
witnessed in the heat-sensitive serotypes was not demonstrable in S. senftenberg.
Temperature (°C)
Fig. 5.8 S. senftenberg z-plots of initial linear inactivation (O) and tailing (□) over a 6°C temperature 
range at 3°C intervals. Lines of best fit converge at approximately 46°C.
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Time (min) Time (min)
Fig. 5.9 S. senftenberg survivor curves for temperatures (a) 57°C; (b) 54°C. Error bars, where 
applicable, represent the standard deviation of the mean, arrow indicates below the limit of detection.
5.4.7 Growth analysis of S. enteritidis, S. typhimurium and S. senftenberg
Time (h)
Fig. 5.10 Growth curves for S. enteritidis (O), S. typhimurium (A) and S. senftenberg (□) cultured 
stationary in NB at 37°C.
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For each serotype, growth was very similar*. In all cases, lag phase lasted little more than 1 h 
and exponential growth halted at approximately 11 h. The longest transitional period into 
stationary phase was demonstrated by S. typhimurium  (Figure 5.10).
The doubling time for each serotype during maximal exponential growth was calculated at: S. 
enteritidis; 21.28 min, S. typhimurium', 23.27 min and S. senftenberg', 20.57 min.
5.4.8 Growth analysis of S. enteritidis and S. senftenberg in NaCl adjusted 
Nutrient broth
Fig. 5.11 Growth of S. enteritidis (open symbols) and S. senftenberg (closed symbols) at 37°C in 
NaCl adjusted Nutrient broth at concentrations: 0.5% (O), 2% (□) and 4% (A) incubated stationary.
Growth at the lower NaCl concentrations (up to 2%) in each serotype was similar, with little 
difference in growth rate in the 0.5% and 2% broths. As demonstrated in the growth analysis
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(5.4.7), S. senftenberg grew marginally faster than S. enteritidis. At 4% NaCI, growth of the 
two serotypes was drastically reduced. At this concentration the faster growth rate of S. 
senftenberg was more obvious (Figure 5.11).
5.4.9 Survival of S. enteritidis and S. senftenberg in 10% NaCI adjusted 
Nutrient broth
When inoculated into 10% NaCI adjusted NB, S. senftenberg recorded an initial 4 logio cycles 
reduction during the first 48 h, while in S. enteritidis, this level of reduction required 
approximately 72 h. Over the remaining sampling period, both serotypes demonstrated 
tailing of survivors with a steady 3 logio cycles decrease in viability of S. enteritidis and 2.5 
logio cycles decrease in S. senftenberg over a 9 d incubation. Overall, the majority population 
of S. senftenberg was more salt sensitive, but of the two tail populations, its were the most 
halo-tolerant (Figure 5.12).
Time (days)
Fig. 5.12 Mean survival of S. enteritidis (O) and S. senftenberg (□) in 10% NaCI adjusted Nutrient 
broth incubated stationary at 37°C. Error bars depict the standard deviation of the mean.
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5.4.10 Survival of S. enteritidis and S. senftenberg in pH 3.5 adjusted Nutrient 
broth
The survival of S. enteritidis in pH 3.5 adjusted NB displayed roughly log-linear death 
kinetics with an inactivation rate of 1 logio cycle per 7.5 h (r2 = 0.9614). S. senftenberg  
differed in that it demonstrated a biphasic death rate. Over the first 6 h, its inactivation rate 
was 1 logio cycle per 1.8 h (r2 = 0.9958), thereafter the inactivation rate was similar to the 
heat sensitive serotype. For each serotype, duplicate adjusted NBs were inoculated using 
cells harvested from the same original 18 h 500 ml culture. However, wide variation in 
enumerated numbers was observed towards the end of sampling in S. senftenberg. This is 
reflected in the increasing size of the error bars depicted in Figure 5.13.
Time (h)
Fig. 5.13 Mean survival of S. enteritidis (O) and S. senftenberg (□) in pH 3.5 adjusted Nutrient broth 
incubated stationary at 37°C. Error bars depict the standard deviation of the mean.
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5.5 Discussion
Before discussing the significance of the shape of thermal survivor curves for the salmonellas 
investigated, it is worth comparing the kinetics and inactivation rate data for S. enteritidis 
here and with that offered in Chapter 4. Inactivation data gathered at temperatures 55 and 
60°C for modelling was comparable to the data offered here in that inactivation deviated from 
log-linear kinetics and that survivor curves gained greater linearity as temperature decreased. 
However, the biphasic nature of the modelling inactivation was much less pronounced and 
also, D-values were lower. The enhanced biphasic kinetics were most likely the result of 
using 90% higher initial population densities. However, by its very nature, the value of D  is 
independent of the size of the initial population and so this cannot be a factor accounting for 
the increased heat resistance of these population. It is proposed that a modification to the 
experimental approach used to achieve the high cell densities may well be responsible for the 
higher D-values reported in this chapter.
In Chapter 3.5 it was noted that essential to the production of fully descriptive survivor curves 
a
was the use of high density population. Here, obtaining these initial numbers required the 
harvesting of larger culture volumes (1.5 1). In order to centrifuge such volumes, each culture 
was measured into 6 x 250 ml centrifuge tubs and spun down to allow each pellet to be 
resuspended in 5 ml NB. A ll suspensions were then combined and re-centrifuged prior to the 
resuspension of a final cell pellet. This need for a secondary centrifugation artificially 
extended culture age; important in determining an organism’s heat resistance (Hansen &  
Riemann, 1963), as well as probably increasing the centrifugation stress received by cells.
Wyber et al. (1994) noted that sub-lethal injury could be detected in centrifuged Escherichia 
coli and that its severity was determined by the spin speed. This additional stress could act in
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one of two ways. Firstly, the extra stress could lead to a greater sensitivity to heat exposure. 
Or secondly, it could induce a stress response allowing an increased resistance to other 
injurious processes. When bacteria are subjected to environmental stresses, typically they 
initiate the synthesis of stress proteins, a major class of which are those involved in thermal 
protection. Heat-shock protein (HSP) synthesis can be induced by a wide variety of stimuli 
other than temperature, resulting in a state of enhanced heat resistance (Blackburn &  Davies, 
1994). Thus, centrifugation stress (following the high density experimental protocol) could 
initiate an increased in heat resistance, accounting for the discrepancy between the results 
presented in Chapters 4 and 5.
That the survivor kinetics for each serotype demonstrated a trend for greater linearity as 
temperature decreased, i.e. tailing became less apparent, adds further evidence to the validity 
of discussions on the origins of the observed tailing (Chapter 3.5). A  possible experimental 
cause of tailing deviation was cited as the recontamination of the heated population with 
under-heated cells deposited on the neck of the flask during inoculation and subsequent 
sampling. It was reported that the flask neck would be at an appreciably lower temperature 
than the water bath, permitting increased survival of cells. However if this were true, survival 
of such contaminants would be greatest at lower temperatures, when heat transfer from the 
water bath would be at its lowest. This was shown not to be the case; survivor curves 
displayed a reduction in tailing with decreasing temperature, culminating in linear survivor 
curves for all three serotypes. This provides further evidence that tailing observed using the 
stirred flask method was of biological and not experimental origin.
Comparisons of the death kinetics for S. enteritidis and S. typhimurium  showed them to 
possess similar heat resistances. In Chapter 4.4.1, Table 4.2 highlighted S. enteritidis as a 
typical member of the genus Salmonella possessing comparable D-values to S. typhimurium
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and a number of other serotypes. It can be concluded that the heat resistance of S. enteritidis 
and S. typhimurium  is unremarkable among salmonellae. According to D ’Aoust et al. (1987), 
D-values for salmonellae are relatively uniform across serotypes but for one exception. S. 
senftenberg has long been noted for its extreme heat resistance among salmonellae (Anellis et 
a l., 1954; Baird-Parker et a l., 1970; Corry &  Barnes, 1968; D ’Aoust et a l., 1987; Ng et a l., 
1969) and this was confirmed in the present work. Following its original isolation in the 
U SA  from pasteurised liquid egg (Winter et a l., 1946), research to elucidate the factors which 
give rise to its heat resistance has been inconclusive. The isolate, characterised as strain 
775W, was found to be ILS-negative (Winter et a l., 1946) and appears to be unique among S. 
senftenberg strains. Many strains of this serotype have been shown to be as heat sensitive as 
more common salmonellae (Baird-Parker et a l., 1970; Davidson et a l., 1966). Its inability to 
produce H2S was found to not be indicative of heat resistance (Ng et a l., 1969).
In an extensive assessment of the heat resistance of salmonellae by Baird-Parker et al. (1970) 
one other serotype was shown to possess a similarly high heat resistance. The heat resistance 
of a strain of S. bedford possessed a D<50°c in heart infusion broth of 4.3 min. This compared 
with the 6.3 min for S. senftenberg 775W numbers. Fourteen S. typhimurium  strains heated 
under these conditions demonstrated D6o°c~values of 0.2 to 0.9 min.
Despite these extensive reports on the heat resistance of S. senftenberg, no reasonable 
explanations have been published to account for its heat resistance. In view of this, a number 
of simple experiments were designed and performed in order to highlight any major 
physiological differences between S. senftenberg and the heat sensitive salmonellae. The 
growth rate of a microbial population will determine when it reaches stationary phase. Heat 
resistance is greatly increased following the transition from exponential to stationary phase 
and increased still further during extended periods in stationary phase. Alternatively, a
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significantly slower growth rate could also result in cells of higher heat resistance, as such 
individuals would not possess the heat sensitivity of rapidily dividing cells (Hansen &  
Riemann, 1963). Comparing the growth rates of all three serotypes would demonstrate if S. 
senftenberg reached stationary phase sooner than the other two, therefore accounting for its 
greater heat resistance. Growth up to 18 h (the age of cultures used during experimentation) 
for each serotype illustrated no major differences. However, the calculation of doubling 
times did show that their numerical order corresponded to that of increasing heat resistance; 
S. typhimurium  the slowest and S. senftenberg  the quickest. The slow transition to stationary 
phase seen in S. typhimurium  may well account for its marginally lower heat resistance 
compared to S. enteritidis. However, the fact that the difference in doubling times for all 
three organisms was less than 3 min would appear to be insignificant to account for the heat 
resistance of S. senftenberg.
The HSP stress response system mentioned earlier has been demonstrated to operate during 
the exposure to acidic (Foster, 1995) and alkaline environments (Humphrey et al., 1991b). 
Many of the proteins involved in the heat-shock response (HSR) have also been shown to be 
essential in aiding cell viability at normal growth temperatures (Bukau &  Walker, 1989; Fayet 
et al., 1989). In S. senftenberg, it is possible that many more HSPs are present at normal 
growth temperatures, compared to heat sensitive salmonellae, and these are responsible for 
the organism’s intrinsically high heat resistance. If this were so, it may be predicted that its 
resistance to other environmental stresses would also be higher than other salmonellae. In an 
experiment comparing survival of S. senftenberg with S. enteritidis in acidified NB, it was 
found that the majority of S. senftenberg cells in fact died far quicker than S. enteritidis 
during the same period. However, adaptation to acidic environments relies on the synthesis 
of many molecular components to achieve full competence. Although a number of HSP
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components are involved in the acid-tolerance response (ATR), there are several unique 
components only expressed during acid shock (Foster, 1995). Thus, the lack of acid tolerance 
does not necessarily have consequences for heat resistance.
A  similar survival experiment in 10% NaCI adjusted NB again produced little difference in 
the viability of S. senftenberg and S. enteritidis. As with the ATR, initiated during exposure 
to low pH environments, microorganisms express a similar protection mechanism when 
subjected to osmotic stress (Jenkins et a l., 1990). However, these results suggest that S. 
senftenberg was no more resistant to this stress than the heat sensitive salmonellae.
Interestingly though, survivor curves for both organisms, for both survival experiments 
demonstrated biphasic inactivation kinetics. It is believed that the tails could represent 
increased resistance to the imposed stresses, offered by these adaptation mechanisms. Tailing 
of non-thermal survivor curves is not unusual, Buchanan et al. (1994) reported tailing in 
Listeria monocytogenes populations held at 19°C in 6.3% NaCI, 1.0% lactic acid, 100 pg ml"1 
NaNC>2 solution.
The results obtained for these two non-thermal inactivation experiments did not demonstrate 
any unexpected resistance in S. senftenberg, if anything showing it to be more sensitive than 
the lesser heat resistant S. enteritidis. In a further experiment, S. senftenberg and S. 
enteritidis were grown in NaCI adjusted NB. At all concentrations investigated (0.5%, 2% 
and 4%), S. senftenberg demonstrated quicker growth, in line with the doubling times 
reported previously. This speedier growth was most apparent at 4% NaCI and may well 
indicate that under stressed but not inhibitory conditions, S. senftenberg does indeed possess 
survival advantages over other salmonellae.
114
C hapter B Thermal inactivation kinetics o f salmonella
According to Baird-Parker et a l  (1970) the heat resistance of S. senftenberg 775W at 60°C 
was more than tenfold higher than the median heat resistance of all S. typhimurium  strains 
tested. Direct comparison of the serotypes investigated here is difficult because of the 
biphasic nature of inactivation at 60°C. The initial D6o°c-value of S. senftenberg was found to 
be 7.5 and 9.2 times that of S. enteritidis and S. typhimurium, respectively. These ratios were 
significantly reduced for the tailing inactivation rates to 4.5 and 6.6, respectively. Palumbo et 
al. (1987) demonstrated similar biphasic inactivation curves for Aerom onas hydrophila over a 
range of temperatures. When comparing their calculated D-values to published data, the 
authors noted that the initial inactivation rate corresponded well with the literature. Here, the 
D6o°c-values for the two heat sensitive salmonellae were indeed similar to published data, 
though both serotypes appeared to be more representative of heat sensitive strains. However, 
the initial D6o°c for S. senftenberg was different. Baird-Parker et al. (1970) reported a D6o°c 
of 6.5 min for 775W (NCTC 9959; the same organism as tested here) compared to an initial 
Deo°c of 1.65 min reported here. In fact, it is the tailing D60°c (4.5 min) that is in line with the 
value reported by those authors. The remaining difference between the two values is 
probably a reflection of the experimental procedures employed. For example, in the work 
reported here, culture incubation was much more precise at 18 h ± lh. In the work of Baird- 
Parker et al. (1970) cells were cultured for 18 to 22 h.
Thus, it would appeal* that the initial inactivation rate reported for S. senftenberg is not that 
far removed from ‘heat sensitive’ salmonellae. As an example, Baird-Parker et a l  (1970) 
reported a D6o°c of 1.5 min for a strain of S. newport, very similar to the initial D6o°c of S. 
senftenberg. To understand why this initial inactivation rate has not previously been reported, 
it should be understood that the initial death rate foims only a veiy limited period of time. 
Thus, accurate description of thermal inactivation kinetics must rely on the use of high initial
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populations and a concentrated number of sampling points during the early stages of heating. 
As reported in the Introduction (5.2) many researchers investigating the heat resistance of S. 
senftenberg have merely reported D-values. Experimentally, the quantification of D  requires 
only a limited number of enumeration points, since D  is assumed to be linear throughout the 
period of heating. Furthermore, the work demonstrates that the duration of the initial 
inactivation rate is dependent on the temperature of heating. Thus this phenomenon reported 
here would often be overlooked.
Having proposed that the initial inactivation rate of S. senftenberg is actually not that different 
from other salmonellae, a number of questions as to the nature of the inactivation kinetics still 
arise. Namely, why does the tailing occur in the first place? And secondly, what is its 
relationship with temperature for each serotype tested?
The additional physiology experiments reported for S. senftenberg did not rule out HSPs as an 
explanation for its abnormal heat resistance. Induction of the H SR  in microorganisms is 
rapid, Allan et al. (1988) reported that following a rise in temperature, Pseudomonas 
aeruginosa synthesised 17 HSPs de novo within 1 minute. HSP induction is well 
documented at sub-lethal temperatures, generally 10 - 15°C above optimal growth 
temperatures (e.g. Allan et al., 1988; Mackey &  Derrick, 1990). However, there appears to 
be no reporting on whether they are synthesised at lethal temperatures where cell death is 
rapid, e.g. above 55°C for mesophilic organisms. The synthesis of HSPs during inactivation 
offers a good explanation to account for the tailing seen here.
At higher temperatures r o \  \  c)Q£\ ^  i-S. /A o c k  such that the time available to initiate
HSP synthesis is reduced. If it is taken that tail population cells represent the maximum 
possible heat resistance offered by a complete HSR, then during rapid death at high
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temperatures, it would be expected that very few cells would contribute to the tail. 
Meanwhile, the majority population would at best only be able to initiate a partial HSR, the 
completeness o f which would be determined by the duration o f heating. At lower 
temperatures, cells would have time to synthesise higher levels HSPs. Furthermore, given a 
sufficiently slow inactivation rate, there would come a temperature when HSP expression in 
the majority population would equal that o f the tailing population and hence, D-values for 
both groups would be similar, resulting in linear survivor curves.
Applying this hypothesis to each serotype investigated, S. enteritidis fits the proposed model 
perfectly. The temperature at which D-values for the two population groups coincide was 
both predictable and experimentally verifiable. In S. typhimurium a different description of  
tailing was observed. At 60°C, tailing occurred at about the same level as seen in S. 
enteritidis (1 in 104) but as temperature decreased, the number o f tailing cells increased. Also, 
these majority and tailing populations possessed differing z-values such that equal D-values 
for each population were predicted at approximately 54°C. Again, this was verified 
experimentally. These kinetics for S. typhimurium maybe explainable in that firstly, the 
number o f cells capable o f a complete HSR increased with decreasing temperature, leading to 
increased tailing levels. And secondly, as with S. enteritidis, majority population D-values 
approached that o f the tailing cells with decreasing temperature. Like S. enteritidis, this 
phenomenon is believed to be caused by an increase in extent o f HSP expression during 
slower death rates.
S. senftenberg, like S. typhimurium, also demonstrated a rising tail rate with decreasing 
temperature, again indicating complete induction o f the HSR. However, this tailing appears 
to be at a substantially higher level than seen in S. typhimurium. Taking into account the 
higher heat resistance of S. senftenberg, comparisons o f survivor curves for the two serotypes
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should be performed at a temperature which reflects comparable D-values. At 63 and 59°C, 
the tailing D-values in S. senftenberg and S. typhimurium were 1.56 and 1.08 min, 
respectively. Consequently, analysis o f the tailing at these temperatures, for the two 
organisms, revealed tailing to be present at very similar levels. That the plots o f logio D- 
values for both populations o f S. senftenberg did not predict the point at which linearity was 
observed is believed to be result o f insufficient data. In the Results (5.4.5), it was noted that 
the point at which initial death gave way to tailing was difficult to determine accurately. This 
was primarily due to the short duration o f the initial death phase, exaggerated by the high 
levels o f tailing. It is proposed that analysis o f inactivation curves between 65 and 70°C  
would have enabled a more accurate prediction o f convergence o f the two D-value sets.
The point at which survivor curves for each serotype became linear can also be seen as a 
measure o f the time required for non-tailing cells to induce a complete HSR. In S. enteritidis, 
S. typhimurium and S. senftenberg this point was at 51, 54 and approximately 57°C, 
respectively. Thus at any one temperature, S. enteritidis produced the slowest HSR, whereas 
S. senftenberg was the quickest. This response speed is undoubtedly a prime reason for the 
observed heat resistance o f S. senftenberg. However, in heat sensitive serotypes, it is not 
necessarily representative o f the organism’s basic intrinsic heat resistance. D-values for 
initial death rates in S. enteritidis were consistently higher than those o f S. typhimurium at any 
temperature.
Thus far, the involvement o f HSPs has been based on speculation, although the proposed 
model appears to adequately account for the biphasic survivor curves observed for each 
serotype. In Chapter 7.0, experimental evidence will assess whether the role described for 
HSPs can indeed be substantiated.
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In all serotypes, temperatures below the point o f linearity gave rise to shouldering at the 
beginning o f survivor curves. This suggests that the inactivation of these cells occurs via a 
different mechanism than experienced at higher temperatures. It has been noted in Chapter 
2.2 that proteins, membranes, ribosomes, etc., respond differently over a range o f  
temperatures (Hurst, 1977). Thus, the introduction o f a shoulder may reflect changes in 
susceptible targets. In such cases, death may now be the result o f injury accumulation (as 
described by the ‘multi-hit’ model o f thermal inactivation, Chapter 2.6) rather than the action 
o f a single specific lethal event.
As a concluding note, it is worth considering whether the use o f multiple regression fitting is 
the most accurate method for describing biphasic inactivation curves. The importance o f log- 
linear inactivation kinetics for the proper and accurate use o f D-value analysis has been fully 
discussed elsewhere. Their application here was performed by breaking survivor curves into 
straight lines and calculating the corresponding regressions. A  number o f mathematical 
models have been proposed for the description o f non-linear inactivation (Atkinson & 
Mavituna, 1991; Chang et al., 1988; Henley & Sadana, 1984; Park et al., 1988) among which 
is the multi-component first-order model. Briefly, the model represents the sum o f the 
kinetics o f each component, each o f which is supposed to follow a first-order reaction. 
Fujikawa & Itoh (1996b) constructed an algorithm which accurately described the 
inactivation kinetics of mixed thermo-tolerant cultures o f Penicillium spores. Such a 
model, it is presumed, would work well with the data presented here for individual 
temperatures. However, because of the existence o f a temperature related effect on the 
proportions o f each population component, the model would require additional parameters to 
account for this effect.
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6.0 Influence of cell maturity on the thermal inactivation 
of S a l m o n e l l a
6.1 Summary
The heat resistance o f Salmonella enteritidis was investigated at different culture ages and 
growth rates. Using batch-cultures, cells were grown to exponential phase (10 h) early- 
stationary phase (18 h), mid-stationary phase (36 h) and late-stationary phase (96 h). 
Exponential phase cells, when heat challenged at 60°C, were the most heat sensitive and 
gave rise to tailed survivor curves. Tailing survivors accounted for 1 in 106 o f the initial 
population. Eighteen hour cultures possessed initial inactivation rates over threefold lower 
than the younger cultures, tailing in these early-stationary phase cultures was present at 
approximately 1 in 105, but the tail organisms had nearly twice the resistance o f those from 
10 h cultures. The tailing o f 36 h cells was at a much higher level, approximately 1 in 103 o f  
the initial population. The Deere o f this tail was similar to that o f 18 h cultures but the 
majority population was twice as heat resistant as early-stationary phase cells. The heat 
resistance o f 96 h cell was only marginally greater than the intial inactivation rate o f 36 hts
cells. These late-stationary phase cultures produced linear inactivation curves.
In a second investigation, a carbon-limited chemostat was set up to obtain cells growing at a 
uniform rate. Cells were grown at a number of growth rates including jumax and then the 
culture starved of medium input. Actively growing cells all resulted in biphasic survivor 
curves, with tailing occurring at a similar level to that seen in batch cultures. It was observed 
that the faster the growth rate, the more heat sensitive the majority population, though the 
resistance o f the tail did not vary. Starved cells produced linear survivor curves, the D-value 
o f  which was similar to that for 96 h batch cultured cells. The results rule out the possibility
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o f a slower-growing sub-population in batch-cultures as an explanation for the biphasic 
nature of inactivation.
6.2 Introduction
The heat resistance o f microorganisms is affected by a variety o f cultural conditions, and 
these include temperature, pH, medium composition and rate and phase o f growth (Condon 
et al., 1992; Elliker & Frazier, 1938; J0rgensen et al., 1994; Ng, 1982). O f these factors, 
culture age has been much investigated and it is accepted that exponentially growing cells 
possess the greatest sensitivity to heat (e.g. Elliker & Frazier, 1938; Lemcke & White, 1953; 
Palumbo et al., 1987; White, 1953). Despite this agreement, reports o f the influence o f  
culture age on the shape o f survivor curves vary. Condon et al. (1992) demonstrated tailed 
survivor curves for Aeromonas hydrophila in all but the shortest o f incubation times. 
Lemcke & White (1953) reported tailed inactivation for exponential growing Escherichia 
coli, linear inactivation for 18 h broth cultures and shouldered survivor curves for cells 
obtained from a five day agar slope. However, this shoulder could be suggested to have 
originated from the clumping o f cells recovered from a solid medium.
Here, the heat resistance o f Salmonella enteritidis was confirmed for different aged batch 
cultures and these were compared to cells cultivated in a chemostat. Using the previously 
described methods for the production o f reproducible high initial population cell 
suspensions, descriptions o f survivor curves were obtained for batch-cultured and carbon- 
limited chemostat cells.
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6.3 Materials and Methods
6.3.1 Organism  m aintenance a n d  resuscita tion
Salmonella enteritidis phage type 4 P167807, supplied by Division o f  Enteric Pathogens, 
Central Public Health Laboratory, London, UK, was stored frozen in bead vials (Protect; 
Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70°C and resuscitated to 
109 cfu ml'1 in 10 ml o f Nutrient broth (NB; Unipath UK Ltd, Basingstoke, Hampshire, UK) 
incubated stationary at 37°C for 24 h.
6.3.2 Growth analysis o f  S. enteritidis
A  resuscitated S. enteritidis culture was diluted tenfold in maximum recovery diluent (MRD; 
Unipath UK Ltd, Basingstoke, Hampshire, UK) for the inoculation o f 100 ml pre-warmed (to 
37°C) NB, to give an initial suspension o f approximately 1 cfu ml"1. The broth was 
incubated stationary at 37°C and samples taken for enumeration for a period of 48 h.
6.3.3 Heat challenge pro toco l
One ml o f prepared cell concentrates (harvested from batch or continuous cultures) were 
added to 40 ml o f NB held in a plugged 100 ml flask, pre-equilibrated to 60°C in a water 
bath. The flask contents were stirred with a magnetic flea, propelled by a custom-made 12 V  
d.c. submersible stirrer operating at 60 rpm. The external water bath level was maintained at 
the neck o f the flask and polypropylene spheres employed to reduce 
evaporation/condensation. Temperature regulation was provided by a Haalce DC-1 circulator 
heater (Fisons Scientific Equipment, Loughborough, Leicestershire, UK).
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6.3.4 R ecovery  and  enum eration procedure
Heating menstruum samples were pipetted from the heat challenge flask at pre-determined 
intervals. Where necessary, 1 ml volumes were added direct to MRD and further diluted 
tenfold prior to 10 |ll quarter spread plating on Nutrient agar (NA; Unipath UK  Ltd, 
Basingstoke, Hampshire, UK). Neat samples were dispensed into glass universals (at room  
temperature) to cool. Depending on the sensitivity required, samples were surface plated 
onto NA as 10 pi or 100 pi spread plates, or used to produce 1 ml or 2.5 ml pour plates. All 
plates were prepared in duplicate and incubated aerobically at 37°C for 48 h.
To enumerate time zero populations, representative samples o f concentrates were diluted and 
plated appropriately prior to heating.
6.3.5 Statistica l analysis
For most experiments, survivor curves were replicated three or more times and plotted as 
mean survivor curves together with standard deviation error bars. D-values were determined 
from the gradients of mean survivor curves
6.3.6 E ffect o f  age o f  batch-cultured  cells on therm al inactivation kinetics
Resuscitated cultures were diluted tenfold in MRD for the inoculation of pre-warmed (to 
37°C) 1.5 1 NB volumes, giving initial suspensions o f approximately 1 cfu ml'1. These 
broths were incubated at 37°C for 10 h, 18 h, 36 h or 96 h ± 1 h and immediately centrifuged 
(6,500 x g for 15 min at 20°C). Centrifuged cell pellets were resuspended in 1.5 ml NB and 
equilibrated for 15 min at 37°C, prior to heating at 60°C.
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6.3.7 E ffec t o f  growth rate o f  co n tinuous cultures on therm al inactivation  
kinetics
Fermentations were set up in a 1.5 1 vessel with pH control (6.5 ± 0.25), temperature control, 
(37°C ±  1°C), an air flow  rate o f approximately 1.5 1 min'1 and a 30 1 growth medium  
reservoir (LH Engineering Co. Ltd, Stoke Poges, Buckinghamshire, UK). The vessel 
contents were stirred at 800 rpm and medium input controlled by a calibrated peristaltic 
pump (Watson-Marlow, Falmouth, Cornwall, UK).
Carbon was the limiting nutrient in a synthetic basal medium prepared using the salts 
solutions described in Table 6.1 (Evans et al. 1970), no specified trace elements were 
included. Filter sterilised glucose solution was added to the basal medium after autoclaving, 
to give a final concentration o f 0.5 g I'1.
The combined salt solution was adjusted to pH 6.5 (using 2 m  NaOH) prior to sterilisation by 
autoclave. A  50 ml glucose solution was filter sterilised and introduced to the autoclaved 
salts solution to give a final concentration o f 0.5 g I'1.
The fermenter was inoculated to give an initial cell suspension o f approximately 104 cfu ml'1 
and ran until late log phase (determined by measurement o f A 540). At this time, medium was 
added at a dilution rate o f 0.15 h'1 for 24 h and steady-state growth verified by further 
absorption readings. Approximately 100 ml samples were drawn o ff in triplicate for heat 
challenge. The heat resistance o f cells at 60°C was determined for rates: 0.15 h"1, 0.35 h'1, 
0.6 h'1 and zero. Medium input was increased by 0.5 h'1 per h between each dilution rate 
sampled to maintain a smooth transition in growth rate. At dilution 0.6 h'1 absorption 
reading decreased marginally over a 3 h period, and so was determined to approximate /imax.
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Following this final dilution rate, medium input was stopped and the culture ran for 12 h 
prior to the removal o f zero dilution rate samples.
Chemostat samples were centrifuged in a similar manner to NB batch cultures and the pellets 
resuspended in NB prior to heat challenging at 60°C.
Table 6.1 Components and concentrations of the chemostat basal medium
Salt solution Concentration in growth medium (ml I"1)
2 M  NaH2P 0 4*2H20 5.0
4 M  NH4CI 25.0
2 M  KC1 5.0
lM N a2SO4 10H2O 2.0
1 M  Citric acid 2.0
0.25 M  MgCl 5.0
0.02 M  CaCl2 1.0
6.3.8 A na lys is  o f cell s ize  and  con tinuous culture grow th rate
Dry smears o f cell samples, collected from continuous fermentations at dilution rates 0, 0.15, 
0.35 and 0.6 h"1, were prepared on glass slides. These were stained with safranin and viev^at 
x 1,000 magnification, using a Dialux bifocal microscope (Leitz, Wetzlar, Germany) and 
photographed on 35 mm format via a Leica W ild MPS 52 (Germany) camera attachment.
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6.3.9 A na lysis  o f variation in cell s iz e  o f  an 18 h batch culture
Microscopic observations o f batch-cultured cell concentrates revealed variations in the size 
o f cells. In view o f this, cells collected from a batch culture were subjected to a density 
gradient centrifugation procedure. Eighteen h cells were concentrated from 500 ml o f  NB  
and loaded on to a sucrose density gradient. The density gradient consisted o f 5 ml layers o f  
5, 10, 15, 20, and 25% w/w sucrose solutions. Celkwere centrifuged through the gradient at 
2,500 x g for 20 min. Once the cells had separated, the gradient was examined to determine 
the distribution o f cells between the various concentration o f sucrose.
6.3.10 Thermal inactivation k ine tics  o f  batch-cultured cells separa ted  b y  
d en sity  centrifugation
Each sucrose layer o f the density gradient was removed, using a 19 gauge hypodermic needle 
and syringe, and added to 10 ml o f NB. These were centrifuged at 6,500 x g for 15 min, and 
the cell pellets resuspended in 1.5 ml NB. Each concentrate was heat challenged in the usual 
manner at 60°C.
6.4 Results
6.4.1 Growth analysis o f  S. enteritidis
Enumeration of growth in batch culture demonstrated that lag phase lasted little more than
1.5 h. Exponential phase lasted until 11 h, thereafter numbers increased marginally 
throughout the remaining sampling period (Figure 6.1).
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Fig. 6.1 Enumerated increase in S. enteritidis during batch-culturing in Nutrient broth at 37°C 
(stationary incubation).
6.4.2 E ffect o f  age o f  batch-cultured  cells on therm al inactivation kinetics
Tailing o f survivor curves was observed in all but one case. Cultures corresponding to 
exponential phase growth (10 h) were highly heat sensitive. The majority population o f  
these cultures were three timesmore heat sensitive than early-stationary phase cells (18 h). 
This ratio was approximately halved when tailing cells from the two culture ages were 
compared. The tailing proportion of exponentially growing cells was found to present at a 
level o f 1 in 106 o f the original population. This value was approximately 90% higher than 
that seen in 18 h cultures.
Stationary phase cultures (36 h) demonstrated an increased heat resistance in the majority 
population, approximately twice that o f 18 h cells. However, tailing heat resistance for the 
two culture ages was almost identical but 36 h tailing cells were present at a much higher
Time (h)
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T able 6.2 Heat resistance at 60°C of majority and tailing populations of S. enteritidis batch cultures 
of differing maturities.
Culture age
GO
D6o°c* (majority 
population)
r2 value D6o°c* (tailing 
population)
r2 value
10 4.38 0.9791 33.46 0.9945
18 13.25 0.9863 54.19 0.9970
36 26.27 0.9865 55.21 0.9961
96 29.31 0.9950 n/a
* Deo^ c quoted in seconds
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F ig. 6.2 Thermal inactivation of S. enteritidis at 60°C. Effect of batch culture maturity on 
inactivation kinetics measured at: 10 h (□), 18 h (A), 36 h (O) and 96 h (X). Error bars represent the 
standard deviation of the mean, arrows indicate below the limit of detection.
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level; approximately 1 in 103 o f the initial population. Late-stationary phase cultures (96 h) 
produced survivor curves which did not tail, instead they possessed an initial shoulder. The 
D(5o°c for these cultures was greater than that for the majority population of 36 h cultures but 
approximately half that o f the tailing cells o f stationary phase cultures (Table 6.2; Figure 
6.2).
6.4.3 E ffec t o f  grow th rate o f  co n tin u o u s cultures on  therm al inactivation  
kinetics
E
».— oo
CT>O
2o>
£
CO
Fig. 6.3 Survivor curves for continuous cultured S. enteritidis (---- ) heated at 60°C, for dilution
rates: 0.6 h 1 (□); 0.35 h'1 (A); 0.15 h 1 (O); 0 h'1 (x), compared with 18 h batch-cultured cells (— ). 
Error bars represent standard deviation of mean data, arrows indicates below the limit of detection.
Diluted chemostat populations resulted in biphasic death curves, though the heat resistance 
of the linear* majority decreased as dilution rate (and hence growth rate) increased. Initial
Time (s)
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linear death o f 0.15 h'1 cultures was similar to that o f cells cultured batchwise for 18 h in 
NB. The tailing proportion was the same for each dilution rate, at 1 in 104 to 105 o f the 
initial population. Cells allowed to starve (D = 0) produced complete linear death o f greatly 
increased heat tolerance with a D6o°c estimated at 25 s (Figure 6.3).
6.4.4 A na lysis  o f  cell s ize  and  con tinuous culture grow th rate
The faster growth rates corresponded to large rod shaped cells. At jumax, cells were at least 
five times long as wide (Plate 6.1). When grown at a dilution rate o f 0.35 h"1, cell were 
approximately half the length as those grown at the fastest rate (Plate 6.2). At the slowest 
growth rate (0.15 b4), cells were approximately a quarter o f the size o f those growing at p maK 
(Plate 6.3). Starved cells (no medium input) appeared to be virtually coccoid in shape, 
similar in size to the slowest growing chemostat culture (Plate 6.4). At all dilution rates, cell 
size showed limited variation between individuals.
6.4.5 A n a lys is  o f  variation in cell s ize  o f  an 18 h batch culture
Examination o f the sucrose gradient after centrifugation revealed cells had separated into 
three distinct layers: 15%, 20 - 25%, and 35%. The 20 - 25% layer formed a continuous 
band, and the 35% layer consisted o f cells collected as a pellet. The top band was the least 
opaque, consisted o f the smallest quantity o f cells (Plate 6.5).
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Plate 6.1 D ry smear o f  safranin stained S. enteritidis grown in a carbon-limited continuous culture, 
dilution rate: 0.6 h '1 (corresponding to approximately / / raax). Viewed under oil-immersion at X 1000 
magnification.
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Plate 6.2 Dry smear o f safranin stained S. enteritidis grown in a carbon-limited continuous culture, 
dilution rate: 0.35 h'1. Viewed under oil-immersion at X 1000 magnification.
132
Chapter 6 Effect of  cell maturity on thermal inactivation kinetics
Plate 6.3 Dry smear o f safranin stained S. enteritidis grown in a carbon-limited continuous culture, 
dilution rate: 0.15 h'1. Viewed under oil-immersion at x 1000 magnification.
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Plate 6.4 Dry smear o f safranin stained starved S. enteritidis cells, originating from a carbon-limited 
continuous culture. Viewed under oil-immersion at x 1000 magnification.
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Plate 6.5 Separation of 18 h batch-cultured S. enteritidis cells through a sucrose density gradient. 
Cells accumulated in the 15%, 20 - 25% and 35% layers.
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6.4.6 Thermal inactivation k ine tics  o f  batch  culture cells separa ted  b y  d en s ity  
centrifugation
Regardless o f the layer o f sedimentation, all populations displayed similar death kinetics. 
Each possessed tailing at a level equal to that seen in normal batch cultures heat challenged 
at 60°C. Each population also demonstrated equivalent D-values.
6.5 Discussion
The measured heat resistance o f batch-grown cells, with respect to culture age, reinforces the 
well published observations that exponential phase cultures are greatly more heat sensitive 
than stationary phase cells. Kenis and Morita (1968) reasoned this effect was the result o f  
the ‘thermolabile synthetic mechanisms involved in rapid growth’. This proposal is 
particularly attractive in view o f the rapid turnover o f cellular materials and continuous 
replication of chromosomal DNA. During exponential growth, such cellular machinery may 
well be in an especially heat sensitive state. An alternative explanation has recently been 
offered by Dodd et al. (1997), in which the authors proposed that at moderate temperatures, 
it is not the heat that is destructive toward rapidly growing cells, but the recovery afterward. 
It is suggested that in rapidly dividing cells, heating disrupts the growth cycle, but the 
associated high metabolic activity carries on as normal. The result is an imbalance between 
anabolism and catabolism, which would not arise in stationary phase cultures. The transition 
into a ‘cellular stationary phase’ results in a cessation of cell division along with a general 
reduction in metabolic and synthetic activity. In addition to this, stationary phase also marks 
the entry o f the cell into a resistant state, enabling its survival until conditions favour growth 
once more (Siegele & Kolter, 1992). This stationary phase response has been well
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characterised in both E. coli and Salmonella, and demonstrated to be controlled by highly 
complex regulation systems (Kolter et al., 1993). However, the entry o f a population into 
stationary phase as demonstrated by a growth curve cannot guarantee that all cells have 
stopped dividing. In this ‘population-stationary phase’, cryptic growth may be occurring 
where some cells may be dying while others continue to divide, producing no net change in 
viable cell numbers.
Thus, the term stationary phase requires definition (Kolter et al., 1993). When applied to a 
culture, it implies only that cell numbers are neither increasing or decreasing. When applied 
to an individual, it describes a state o f apparent inactivity leading to an increased resistance 
to a variety o f environmental stresses. The transition o f a culture into stationary phase is 
commonly attributed to an exhaustion o f one or more essential nutrients, e.g. a carbon 
source. In this study, C-starvation was achieved by continuous cultivation o f cells. In such a 
system, growth rate is directly proportional to the rate o f medium input (Tempest, 1970). 
Ceasing medium input immediately leads to the depletion o f the limiting nutrient, resulting 
in a halt in growth and subsequent starvation. Batch-culturing in NB, did not produce this 
effect. Compared to the C-limited chemostat medium, NB is exceptionally rich in all 
essential nutrients, thus entry into stationary phase would not be the result o f a depletion in 
one or more nutrients. This was confirmed experimentally when a spent 18 h NB batch 
culture medium (corresponding to early-stationary phase) was filter sterilised and 
reinoculated with fresh cells (data not shown). Although lag phase was significantly longer 
upon secondary inoculation, cell growth resumed indicating that there were still sufficient 
levels o f nutrients. This observation also confirmed that waste metabolite build-up was not a 
major factor in initiating entry into stationary phase.
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In these batch cultures, if  it is not starvation that induces entry into stationary phase, then cell 
density-dependent signalling may be in operation. In non-differentiating bacteria, cell 
signalling was first noted in the marine bacterium Vibrio fischeri. It was demonstrated that 
bioluminescence was regulated by LuxR protein production, the synthesis o f which was cell 
density-dependent. It was found that cell density was regulated by the intercellular 
production o f small diffusible signal molecules; iV-acyl homoserine lactones (HSLs) 
(Bainton et al., 1992). Such signal control has since been demonstrated in a variety o f  
terrestrial bacteria, including E. coli (Sitnikov et al., 1996) Erwinia carotovora (McGowan 
et al., 1995; Williams et al., 1992) and Pseudomonas aeruginosa (Latifi et al., 1996).
It is proposed that cell density-dependent signalling is responsible for transition from 
exponential to stationary phase seen the in nutrient-rich batch cultures. Regardless o f  the 
mechanism o f stationary phase inducement, a universal increase in heat resistance was 
demonstrable. Similar thermotolerance acquisition was noted in late-stationary phase (96 h) 
cultures (Deere o f 29.3 s) and starved chemostat cells (D60°c o f 25.3 s). However, the 
thermotolerance seen in batch cultures maybe the result o f a gradual accumulation o f heat 
resistance throughout stationary phase.
To account for the increased heat resistances attributed to both cultivation methods, it is 
helpful to understand the mechanisms involved during starvation induced stationary phase. 
When cells experience a depletion o f an essential nutrient, cell division cannot continue. In 
response to this, major morphological and physiological changes occur which manifest 
themselves in many ways. There is reduction in cell size, in E. coli this occurs to such an 
extent that cells appeal* almost spherical (Lange & Hengge-Aronis, 1991). In this study, this 
effect was also noted for starved salmonellas grown by chemostat. Changes also arise in the 
structure o f the cell envelope. The fatty acid composition o f cell membranes alters (Cronan,
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1968), as well as amino acid sequences in the peptidoglycan (Nystrom & Kjelleberg, 1989). 
Major rearrangement is also seen in the structure o f the chromosome. The chromosome 
undergoes topological changes that are consistent with a reduction in gene expression (Kolter 
et al., 1993). After several hours in stationary phase, changes in the negative superhelical 
density o f plasmids become apparent (Balke & Gralla, 1987) and the nucleoid condenses 
(Baker et al., 1983; Moyer & Morita, 1989). Furthermore, there is a marked increase in the 
production of the histone-like proteins: H-NS (Spassky et al., 1984) and Dps (Almiron et a l, 
1992). These changes are the result o f  the expression of a unique set o f genes collectively  
labelled as the starvation stress response (SSR). Their products serve to mediate increased 
viability and heightened resistance to a variety o f environmental stresses (McCann et a l, 
1991).
In S. typhimurium, SSRs have been demonstrated for C, N (Spector, 1990) and P (Foster & 
Spector, 1986) nutrient depletion. Each response involves both unique and overlapping sets 
o f genes. During C-starvation, the transcription of these genes is controlled by differential 
induction kinetics. Thus, phase 0 genes are expressed in late-log phase, phase 1 during 
transition into stationary phase and phases 2 and 3 being induced 1-2 h and 4-5 h into 
stationary phase respectively (Foster & Spector, 1995). During exponential growth the 
expression o f these genes is inhibited by the ‘house-keeping’ sigma factor a 70 (RpoD). 
Sigma factors are dissociable subunits o f RNA polymerase and function by controlling the 
promoter specificity o f the enzyme. Hence, the transcription o f genes can be controlled 
according to which sigma factor is bound to the RNA polymerase. SSR induces the 
transcription of rpoS, resulting in the alternate stationary phase-specific sigma factor a 38 or 
a s . During exponential growth, 0 s synthesis is not only repressed but also highly unstable, 
with a half-life o f 1.4 min. However, during late-exponential phase, its transcription occurs
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and following the onset o f starvation, stabilisation ensues (Lange & Hengge-Aronis, 1994). 
This leads to an elevation in the levels o f o s which, by an unknown mechanism, displaces 
a 70 permitting the transcription o f SSR products. Further to these a s-dependent gene 
products, approximately 20 further proteins are induced during C-starvation that are rpoS- 
independent. These include the major heat-shock proteins (HSPs): DnaK, GroEL and HtpG, 
whose induction is controlled by the heat-shock sigma factor, a 32 (Kolter et al., 1993).
Thus, during starvation-induced stationary phase, the activities o f these alternate sigma 
factors are responsible for the physiological and metabolic changes that account for increased 
thermotolerance. The induction o f these responses have also been demonstrated in slowly  
growing cells, i.e. cells that possess long doubling times (Kolter et al., 1993). The 
acknowledgement o f  this fact can help to explain two observations. Firstly, the increased 
heat resistance o f chemostat cells followed a decreased medium input and secondly, in batch 
cultures, the duration o f stationary phase correlated to the level o f acquired thermotolerance.
In answer to the first point, compared to the exponentially growing batch-cultured cells 
(doubling time approximately 20 min), the doubling time of chemostat cells growing at p max 
was approximately 60 min (due to the minimal medium used). At a dilution rate o f 0.15 h"1, 
doubling time was over 4.5 h. Thus, it follows that the higher thermotolerance was observed 
in the slower growing culture. Furthermore, the available data appears to suggest that the 
relationship between growth rate and heat sensitivity is approximately proportional. 
Exponential phase batch-cultured cells were twice as heat sensitive and their doubling times 
threefold quicker than p imx chemostat cells. Similarly, p mnx cells were over twice as heat 
sensitive and their doubling time approximately fourfold quicker than those cells grown at 
0.15 h'1.
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Increased thermotolerance resulting from decreased growth rate, as mentioned previously, 
this is not the only consequence o f the SSR, morphological change are incurred too. Such 
distinctions between growth rates were also apparent in chemostat cultures o f different 
growth rates. The dry smears serve to demonstrate the severity o f these changes, illustrated 
in the large rods o f //max grown cells, through to the almost spherical cells seen with a 
complete cessation of growth.
The second question raised regarding the gradual increase in heat resistance o f stationary 
phase batch cultures can also be partly explained by induction o f SSR in very slowly growing 
cells. Examination of the growth curve demonstrated that after transition into stationary 
phase, cell numbers increased marginally during the remaining enumeration period. 
However, as indicated earlier, cell density-mediated stationary phase transition may also be 
occurring. There are a number o f recent reports correlating the transcription o f rpoS with 
inter-cell signalling (Crockford et al., 1995; Lange & Hengge-Aronis, 1994; Latifi et al., 
1996). As an example, in E. coli, th&ftsQA genes encode functions for cell division and their 
expression is controlled by two promoters, P -l and P-2. P -l has been demonstrated to be 
specific for o s, while P-2 is regulated by a LuxR type transcriptional activator SdiA, 
eA'\b'ikr>g +£zkif£s cUaractefisKc drar\ ajfliriuckoA (^ uofu^ &£AsiA^ ) (Sitnikov et al., 1996). Thus, cell 
density and the action o f o s on cell division appear to operate in close conjunction, 
suggesting HSLs are capable o f initiating a full stationary phase SSR.
Thus it is proposed that in batch cultures, cell density-dependent processes induce stationary 
phase, leading to increased thermotolerance, the level o f which is affected by the doubling 
time and also the completeness o f the SSR. It was noted previously that the response occurs 
in a number o f distinct phases which each last for some hours.
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Yet to be commented on is the significance o f tailing seen during some culture conditions. 
Tailing in batch cultures could be seen as a result o f differential growth rates within the 
entire population, i.e. sub-populations exist which are growing at slower rates compared to 
the majority. From the evidence presented thus far, the presence o f two growth rates would 
indeed produce two rates o f inactivation and so easily account for the tailing seen in batch 
cultures. However, this can be argued against, since chemostat cultures also demonstrated 
tailing. The tailing D6o°c-values for ^ max chemostat cells and exponential phase batch 
cultures were very similar at 31.32 s and 33.46 s, respectively. In a chemostat, not only can 
growth rate be accurately controlled, but also it is assumed that given immediate m ixing o f  
the input medium, all cells in the fermentation vessel are growing at the same rate (Tempest, 
1970). The fact that tailing was observed in all actively growing chemostat cultures indicates 
that tailing in batch cultures was not the result o f differential growth rates. However, the 
ability to separate cells according to size by density gradient centrifugation did demonstrate a 
variety o f cell sizes present in batch cultures. The subsequent separation and heat challenge 
o f these layers however, all resulted in tailed survivor curves. Thus, it can be concluded that 
in these batch cultures, cell size does not influence the heat resistance o f cells.
In stationary phase populations o f 18 and 36 h, it was noted that tailing heat resistances were 
virtually identical, although the tail survivors o f 36 h cultures were present at a greater 
proportion. After a further 60 h incubation, survivor curves were completely linear. 
Immediately, one might suggest that the development o f a higher level tail seen in 36 h 
cultures compared to 18 h cells is continued such that 96 h cultures represent complete 
transformation o f all cells to the highly resistant tail state. However, studying the D-values 
o f the various cultures, this is not the case, 96 h cells were only slightly more heat resistant 
than the majority population o f 36 h cells, but almost twice as heat sensitive as tailing cells
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o f either 18 or 36 h cultures. In Chapter 5.5, HSPs were proposed as a potential mechanism
for the tail heat resistance. It has been noted that a number o f key GS-independent heat-shock
response (HSR) products are expressed during the SSR. It is suggested that here, the
presence o f HSPs in 36 h cells may well account for the higher level o f tailing in these mid-
cf
stationary phase cultures compared to 18 h cells. To account for the linearityAlate-stationary 
phase and starved chemostat cells, it is assumed that a complete SSR has been induced and 
that there is very limited activity occurring in the cells. Thus, during exposure to heat, no 
individuals are capable o f HSP synthesis. This prevents the development o f maximum  
protection offered by the heat specific response o f the HSR, compared to the more general 
protection offered by the SSR. Alternatively, if  HSPs are important in the recovery o f heat- 
stressed cells, their synthesis up to mid-stationary phase may mediate the recovery o f higher 
numbers o f survivors, compared with fully starved cells which possess lower quantities o f  
HSPs.
Concluding, it has been demonstrated that the heat resistance is affected by cell maturity and 
that the shape o f death kinetics would appeal* to depend on the metabolic and synthetic 
activity o f cells. The absence o f tailing in starved cultures can be explained by the entry into 
a dormant survival state. This condition affects all individuals but does not offer the most 
protective state to heat stress, which is provided by a full HSR, proof for which will be 
investigated in Chapter 7.0.
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7.0 Investigations into the causes of tailing of thermal 
survivor curves in S a l m o n e l l a  e n t e r i t i d i s
7.1 Summary
A  number o f experiments were performed with a view to determining the biological origins 
o f tailing in the thermal survivor curves o f Salmonella enteritidis. Regrowth and the 
subsequent heat challenge o f  tailing survivors revealed these cells to be no more heat 
resistant than the original population. Cells heated in the presence o f thermally killed cells 
demonstrated no increase in heat resistance either. The addition o f chloramphenicol (CAP) 
to the heating menstruum, prior to heating, reduced the level o f observed tailing. At 59°C, 
tailing survivors in untreated culture accounted for approximately 1 in 104 o f the initial 
population. Cultures heated in the presence o f 5 pg m l1 CAP (determined to be the 
minimum inhibitory concentration; MIC) resulted in a 90% reduction in the level o f tailing. 
At 100 pg ml'1 CAP, tailing was reduced tenfold further. Also, the D 59°c o f tails in each case 
was reduced. In the absence o f CAP, tail cells possessed four times the heat resistance o f the 
majority. At 5 and 100 pg ml"1 CAP, this ratio was reduced to approximately 3 and 2.5, 
respectively.
It is proposed that the thermotolerance o f tailing cells is the result o f de novo synthesis o f 
heat-shock proteins (HSPs) during heating. It was found that at 100 pg ml"1, CAP did not 
completely inhibit protein synthesis at 37°C; the rate o f incorporation of a radiolabelled 
amino acid was reduced to 20% that o f untreated cells. This indicates that sufficient protein 
synthesis may still be occurring during heating, to account for the lower level o f tailing 
observed at the highest CAP concentration investigated.
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7.2 Introduction
Despite the frequent observation that thermal survivor curves for a variety o f 
microorganisms, both vegetative and spore-formers, are not strictly log-linear (Ababouch et 
al., 1987; Cerf, 1977; Fujikawa & Itoh, 1996a; Grant et al., 1996; Moats et al., 1971; Vas & 
Proszt, 1957), little in the way o f explanation has been offered for these deviations. Those 
opposed to the existence o f deviations from log-linear death have successfully demonstrated 
evidence for the ability o f methodology to influence the shape o f survivor curves (Stumbo, 
1973). However, in this work, it has been demonstrated that the reported tailing does appear 
not to be the result o f artefacts in all cases. Rather, tailing in Salmonella has been 
demonstrated to occur at specific temperatures and culture ages/growth rates. Furthermore, 
HSPs have been proposed as a possible explanation for the increased heat resistance o f 
tailing survivors.
In this chapter, a number o f investigations are reported which ultimately, rule out the 
presence o f a mixed heat resistance genotype and provide evidence to support the role o f  
HSPs in elevating the thermotolerance o f tailing individuals.
7.3 Materials and Methods
7.3.1 Organism  m aintenance a n d  resuscita tion
Salmonella enteritidis phage type 4  P I67807, supplied by Division o f Enteric Pathogens, 
Central Public Health Laboratory, London, UK, was stored frozen in bead vials (Protect; 
Technical Service Consultants Ltd, Heywood, Lancashire, UK) at -70°C and resuscitated to
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109 cfu ml'1 in 10 ml o f Nutrient broth (NB; Unipath UK Ltd, Basingstoke, Hampshire, UK) 
incubated stationary at 37°C for 24 h.
7.3.2 Heat challenge pro toco l
7 .3 .2 .1  P repara tion  o f  cells.
Resuscitated cultures were diluted tenfold in maximum recovery diluent (MRD; Unipath UK  
Ltd, Basingstoke, Hampshire, UK) for the inoculation of pre-warmed (to 37°C) 100 ml, 500 
ml or 1.5 1 NB to give initial suspensions o f  approximately 1 cfu ml'1. All broths were 
incubated statically at 37°C for 18 h ±  1 h and immediately centrifuged (6,500 X g for 15 min 
at 20°C).
7 .3 .2 .2  H e a t cha llenge.
Centrifuged cell pellets were resuspended in NB to give a volume o f 1.5 ml and allowed to 
stand for 15 min at 37°C. For each heat challenge investigation, 1 ml o f concentrate was 
added to 40 ml o f NB contained in a plugged 100 ml flask pre-equilibrated to the 
investigation temperature in a water bath. Temperature regulation was provided by a Haake 
DC-1 circulator heater (Fisons Scientific Equipment, Loughborough, Leicestershire, UK). 
Heating menstruum temperature was monitored using a NAMAS certified probe and digital 
indicator (Pt 100 probe and Series 268 indicator; Anville Instruments, Camberley, Surrey, 
UK) and the circulator correction factor set accordingly to give an accuracy o f ± 0.05°C. The 
flask contents were stirred via a magnetic flea, propelled by a custom-made 12 V d.c. 
submersible stirrer operating at 60 rpm to minimise vortex formation. The external water 
bath level was maintained at the neck o f the flask and polypropylene spheres employed to 
reduce evaporation/condensation.
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7.3.3 R ecovery  and  enum eration procedure
Heating menstruum samples were pipetted from the heat challenge flask at pre-determined 
intervals. Where necessary, 1 ml volumes were added direct to MRD and further diluted 
tenfold prior to 10 pi quarter spread plating on Nutrient agar (NA; Unipath UK Ltd, 
Basingstoke, Hampshire, UK). Neat samples were dispensed into glass universals (at room  
temperature) to cool. Depending on the sensitivity required, samples were surface plated 
onto N A  as 10 p i or 100 pi spread plates, or used to produce 1 ml or 2.5 ml pour plates. A ll 
plates were prepared in duplicate and incubated aerobically at 37°C for 48 h.
To enumerate time zero populations, representative samples o f concentrates were diluted and 
plated appropriately prior to heating.
7.3.4 S tatistical analysis
For most experiments, survivor curves were replicated three or more times and plotted as 
mean survivor curves together with standard deviation error bars. D-values were determined 
from the gradients o f mean survivor curves
7.3.5 Investigations in to  the ca u se s  o f tailing
7.3 .5 .1  R e g ro w th  o f  tail su rv ivo rs  a n d  s u b s e q u e n t  h e a t  c h a lle n g e
Cells were heat challenged at 60°C and undiluted samples collected during the later stages of 
heating (corresponding to a survivor level o f <  102 cfu ml'1). These were pooled and 1 ml 
used to inoculate 1.5 1 o f pre-warmed (to 37°C) NB. The broth was incubated for 18 h, prior 
to harvesting and heat challenge at 60°C.
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7 .3 .5 .2  R e inocu la tion  o f  a p re v io u s ly  u s e d  h ea tin g  m e n s tru u m
Cells collected from an 18 h 100 ml NB culture were heat challenged at 55°C. Once 
complete, a second similarly prepared cell concentrate was introduced into the same heating 
menstruum and sampled in accordance with the first.
7 .3 .5 .3  Inhibition o f  d e  n o v o  p ro te in  s y n th e s is  during h e a tin g
Cells harvested from 1.5 1 NB 18 h cultures were resuspended in 3 ml o f NB and divided in 
two. To one, chloramphenicol (CAP; Sigma Chemical Company Ltd, Poole, Dorset, UK) 
was added in solution to give a concentration o f 5 pg m l1 (determined to be the MIC) and 
heat challenged at 59°C in 50 ml NB plus CAP at the MIC. The other sample, lacking CAP, 
was heated in NB at 59°C as a control.
This procedure was repeated for a CAP concentration of 100 p g  ml"1, except for an alteration 
made in the method o f low  level enumeration. The use o f pour plates was abandoned, as it 
could not be determined if  the inability to recover colonies was due to the presence o f no 
survivors or the inhibition o f growth by the carry-over o f CAP into the medium. At 5 p g  ml" 
1, this effect was not experienced as the volume o f NA added to heating menstruum samples 
diluted the CAP concentration well below the MIC. At 100 p g  ml"1, low level enumeration 
was achieved by adding 1 ml o f sampled menstruum to 50 ml o f MRD, allowing 30 min 
equilibration, followed by filtration through 0.2 p m  pore WCN cellulose nitrate membrane 
filters (Whatman International Ltd, Maidstone, Kent, UK). The membranes were placed 
over NA  and incubated as normal.
148
C hapter 7 investigations into the c a u ses  o f tailing
To ensure CAP remained active at the investigation temperature, 10 ml o f NB CAP solutions 
(5 and 100 pg ml"1) were heated at 59°C for 1 h, cooled and inoculated at 107 cfu ml'1 with 
salmonella prior to incubat/onat 37°C for 18 h.
7.3.6 A s s e s s m e n t o f  the  e ffic iency o f  chioram phenicol to inhibit protein  
sy n th e s is
Using a radiolabelled amino acid, protein synthesis in Salmonella was investigated in the 
presence and absence o f CAP. A  radiolabelled solution o f L-leucine was prepared using 
5 mM leucine (XH) plus 90 pCi o f  3H leucine [3,4,5-3H(N); Sigma Chemical Company Ltd, 
Poole, Dorset, UK]. One hundred ml 18 h Salmonella culture was centrifuged and the cells 
resuspended in 100 ml o f  fresh NB held in a water bath at 37°C. The culture was given 1 h 
to equilibrate prior to being aliquoted into three 10 ml volume, two o f which were treated to 
give CAP concentrations o f 5 and 100 pg ml"1. All cultures were allowed a further 15 min 
prior to the addition o f 100 pi o f the prepared leucine solution. After addition, 1 ml volumes 
were immediately removed from each culture and added to 5 ml o f iced 10% w/v 
trichloroacetic acid (TCA; Sigma Chemical Company Ltd, Poole, Dorset, UK). Further 1 ml 
samples were taken at times 10, 20 30 and 60 min. After 30 min o f chilling in TCA, each 
sample was filtered through a 0.2 pm  pore WCN cellulose nitrate membrane filters 
(Whatman International Ltd, Maidstone, Kent, UK) and washed three times with 5 ml o f  5% 
w/v TCA. The membranes were subsequently dried and placed in plastic scintillation vials. 
Five ml o f OptiPhase ‘Safe’ scintillation fluid (Wallac Scintillation Products, Wallac UK, 
Milton Kenyes, UK) were added to each vial and the radioactivity levels recorded over 60 s, 
using a Wallac 1410 scintillation counter (Wallac UK, Milton Kenyes, UK).
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7.4 Results
7.4.1 Investigations into the c a u se s  o f  tailing
Cells recovered from a 60°C heat challenge, cultured and subjected to a second heating, 
displayed no significant difference in death kinetics compared with the mean data reported 
for 60°C. Freshly prepared cells introduced into a previously inoculated and enumerated 
heating menstruum held at 55°C, gave almost identical death kinetics, displaying similar 
levels o f tailing.
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Fig. 7.1 Thermal inactivation of Salmonella enteritidis at 59°C in the presence of 0 (□), 5 (A) and 
100 pg ml'1 chloramphenicol (O). Error bars were applicable represent the standard deviation of a 
mean survivor curve.
The inclusion o f CAP into the heating menstruum prior to and during heating at 59°C gave 
virtually identical initial linear death rates for treated and untreated cultures at both 5 and 100
Time (s)
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jig ml'1. Tailing in treated populations was observed at a lower level. In the 5 pg ml"1 
treated culture, tail survivors accounted for about 1 in 105 o f the initial population; 
approximately 90% less than untreated cells. In 100 pg ml'1, this level was reduced tenfold 
further but tailing was still present (Figure 7.1). Calculated tail D-values for each data set 
demonstrated an increase^heat sensitivity with increasing CAP concentration (Table 7.1). In 
control cultures, the tailing cells were nearly four times as resistant as the majority. At 5 and 
100 pg ml'1 CAP, this ratio reduced to 3 and 2.5, respectively. CAP at either concentration 
was shown to remain inhibitory to the growth o f salmonella after heating at 59°C.
Table 7.1 D-values measured at 59°C for Salmonella enteritidis in the presence and absence of 
chloramphenicol, comparing initial and tailing inactivation rates.
Chloramphenicol 
concentration (pg ml'1)
Initial D590C 
(s)
Initial D59°c r2 
value
Tailing D59°c 
(s)
Tailing Ds9°c r2 
value
0 22.80 0.9951 89.13 0.9870
5* 25.47 0.9948 77.78 0.9333
100 25.30 0.9933 63.76 0.9300
* Determined to be the minimum inhibitory concentration.
7.4.2 A s s e s s m e n t o f  the  e ffic iency o f  chloram phenicol to inhibit protein  
sy n th e s is
It was assumed that, in the absence o f CAP, the measured radiation output o f cells equated to 
the incorporation o f leucine into cellular protein, synthesised during the incubation period.
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Thus, the efficiency o f CAP to inhibit this process was calculated as a scintillation count 
percentage o f the untreated culture (Table 7.2). It was found in the presence o f 5 pg ml"1 
CAP, protein synthesis was reduced by over 60%. At 100 pg ml"1 CAP, protein synthesis 
was reduced by nearly 80%. Thus, despite very high concentrations o f CAP, protein 
synthesis could not be completely inhibited under these conditions.
Table 7.2 Measured reduction in protein synthesis in Salmonella enteritidis in the presence of 
chloramphenicol, calculated as a percentage of the measured radiolabelled leucine incorporation in 
untreated cells incubated over 1 h.
Chloramphenicol
Percentage incorporation of 3H leucine compared to untreated 
cells, measured at intervals (min)
(pg ml'1)
10 20 30 60 mean %
5* 33.64 27.97 57.22 30.36 37.30
100 27.18 20.22 19.69 20.19 21.82
* Determined to be the minimum inhibitory concentration.
7.5 Discussion
Investigations into biological origins for the reported tailing firstly demonstrated that 
genotypic differences between the majority and tailing populations were not a factor. 
Cultured tail survivors displayed similar death kinetics. This observation agrees with several 
other published reports suggesting that tail survivors are not genetically distinct (Vas & 
Proszt 1957; Moats etal. 1971; Buchanan etal. 1994).
One consequence o f thermal injury is the loss o f cell membrane integrity and the leakage o f a 
variety o f intracellular constituents (Hurst 1977). The presence o f external solutes can
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protect against this outcome, therefore, possibly delaying the onset o f injury and death 
(Allwood & Russell 1967; Hurst & Hughes 1978). It follows that initial survivors o f heating 
may with time gain additional protection from cellular material released by early casualties, 
leading to tailing. If this were so, re-inoculation o f a previously heated culture ought to give 
rise to greater survival in the second batch. This was not the case, confirming the results o f  
Moats et al. (1971) who also could show no difference in survival curves from a single 
heating menstruum inoculated twice.
as
In Chapter 5.5, induced thermotolerance by heat-shock proteins (HSPs) was cited^a possible 
explanation for the observed tailing o f salmonellae survivor curves. Their synthesis during a 
variety o f environmental stresses, not only increases cell survival in such conditions but also 
provides greater resistance to lethal processes (Lindquist 1986). Recently, their mode o f  
action has become increasingly clear. Often described as molecular chaperones, they 
mediate the correct folding and assembly o f polypeptides and hence, are essential in normal 
growth (Yura et al., 1993; Zeilstra-Ryalls et a l, 1991). Furthermore, during exposure to 
stress, they prevent irreversible aggregation reactions, suppressing the unfolding o f proteins 
(Buchner, 1996). The HSPs GroEL (Mendoza et al., 1996) and DnaK (Zietara & 
Skorkowski 1995) have both been demonstrated to aid the stability o f  non-bacterial enzymes 
during a mild thermal inactivation in vitro.
Previously it was suggested that tailing survivors gained their increased thermotolerance 
because o f the activity o f HSPs. Although a number of the major HSPs are essential for cell 
viability at normal growth temperatures (Fayet et al., 1989), it was proposed that the small 
number of tailing cells was due to those individuals which were capable o f invoking a full 
HSP response during exposure to a lethal temperature. However, with longer inactivation 
rates at lower temperatures, it would reasonable be expect an increase in the number of
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cells capable o f a complete HSP response, hence survivor curves were seen to increase in 
linearity. In order to assess whether indeed HSP production was occurring during lethal 
heating, CAP was employed as a translational inhibitor to prevent de novo protein synthesis. 
At a concentration inhibitory to growth (5 pg ml'1), tailing was slightly reduced. At twenty 
times the MIC, tailing was reduced further, indicating a possible role o f protein synthesis 
during lethal heating.
The remaining tailing at high CAP concentrations is believed to be explained by the 
incomplete inhibition o f protein synthesis. It was discovered that in the presence o f CAP, 
the incorporation o f  radiolabelled amino acid into cell protein was still occurring, though at a 
greatly reduced rate. Thus, it is concluded that the ability o f a limited number o f cells to 
induce HSP synthesis during lethal heating, increases their thermotolerance and consequently 
accounts for tailed survivor curves. The only assumption untested here, is that the cellular 
machinery is capable o f rapid protein synthesis when subjected to lethal temperatures. A  
review o f the literature was unable to determine if  data are available on the maximal 
temperatures at which HSP synthesis operates. A ll work on the nature o f acquired 
thermotolerance has apparently been carried out at sub-lethal temperatures o f 45 to 50°C in 
mesophilic organisms. However, it has been demonstrated that when subjected to heat 
stress, bacteria can synthesis many o f the major HSPs in a very short time (Allan et al., 
1988).
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8.0 Concluding remarks
8.1 Relevance to the food industry
Salmonella still presents a major problem in the food industry. Along with Campylobacter, it 
is the commonest and most widespread form o f food poisoning in the UK (Baird-Parker, 
1990). Because o f their ubiquity and potential to contaminate numerous food commodities, 
Salmonella are an important organism in which to investigate stress physiology. In this 
work, the heat resistance o f  Salmonella at a range o f moderate temperatures was investigated. 
The aim was not only to demonstrate the rate o f inactivation for several serotypes but 
importantly, to address the fundamental beliefs on the manner in which microorganisms are 
killed by lethal heating.
The traditional view o f microbial thermal inactivation is that o f a first order reaction, 
whereby at any one instant, each cell has an equal chance o f inactivation (Gould, 1989). This 
gives rise to log-linear inactivation kinetics and has allowed the development o f a method to 
quantify the thermal inactivation o f  microorganisms. The D-value (the time require to reduce 
the viable population by 90%) is essential to the food microbiologist, as it permits the 
determination of processing times to ensure the safety and quality o f heat treated foods.
An essential element o f this work was the development o f a heating system that could be 
relied on to produce accurate and reproducible survivor curves. Using the stirred flask 
system, survivor curves for S. enteritidis, S. typhimurium and S. senftenberg were all found to 
deviate from log-linear inactivation kinetics. Moreover, these prominent tails were highly 
reproducible and predictable according to the temperature investigated. The significance o f  
the presence o f more heat resistant tailing cells has been considered in Chapter 4.4.1.
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Casolari (1994) studied, in detail, the significance o f non-log-linear survivor curves for 
Clostridium botulinum, and concluded that many authors had dismissed tailing. This failure 
was considered to have significant consequences for describing sterilisation procedures for 
foods. The presence o f a more heat resistant sub-population will reduce the margin o f safety 
in a heat process. However, here it was noted that tail cells were only present at very low  
levels and, in order to observe them consistently, high initial population densities were 
required. Even so, this would still increase the probability o f survival during the processing 
o f numerous batches o f  a food product. Finally, Salmonella are relatively heat sensitive 
among food-borne pathogens. It should be considered a priority to assess the shape o f  
inactivation kinetics for some o f the more heat resistant vegetative organisms, namely 
Listeria (Adams & M oss, 1995) and Mycobacterium sp. (Grant et al., 1996).
8.2 Relevance to microbial physiology
By careful experimentation, survivor curves were demonstrably biphasic, indicating the 
presence o f two populations o f differing heat sensitivities. Also, the influence o f culture age 
and growth rate on the heat resistance o f salmonella was confirmed. Both these observations 
were in agreement with the many reports regarding the non-logarithmic nature o f microbial 
thermal inactivation and that young cells are greatly heat sensitive.
The well documented starvation stress response (SSR) model adequately accounts for the 
influence o f cell maturity on its heat resistance. However, tailing in salmonella could not be 
explained in a similar way. Instead, heat-shock protein (HSP) synthesis is offered as an 
explanation to account for the heat resistance o f tailing cells. It was demonstrated that a 
transcriptional inhibitor present during the heat challenge significantly reduced the levels o f 
tailing.
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8.3 Future investigations
HSP synthesis during lethal heating was not confirmed in the investigations, instead the 
inhibition o f de novo protein synthesis was assumed to prevent the protective effect o f heat- 
shock proteins (HSPs). In order to demonstrate this, radiolabelled amino acid incorporation 
(similar to that performed on cells at 37°C) should be performed at a lethal temperature. 
Also, it was proposed that the linearity increase in survivor curves at lower temperatures 
corresponded to increased HSP synthesis. Thus, the use o f high concentrations o f 
chloramphenicol at temperatures where linearity was seen would inhibit de novo protein 
synthesis and hence, prevent the heat-sensitive majority population o f cells inducing the 
thermotolerant state observed in the tailing populations.
Of course, HSP synthesis cannot be expected to account for all tailing deviations in all 
microorganisms. Spores in particular, are metabolically inactivate prior to germination, and 
thus tailing associated with such cannot be the result o f HSP synthesis. Thus, although this 
work would appear to be essential in promoting the acceptance o f deviations from log-linear 
inactivation, an exact mechanism for the inactivation of vegetative cells by heat cannot be 
ascertained. It can though, be concluded that phenotypic differences between cells in a 
population do exist and these contribute to deviation from log-linear inactivation kinetics. 
This work would then, appear to support the view that thermal inactivation follows a 
vitalistic model as opposed to the mechanistic description o f cell death.
157
Chapter 9 R eferences
9.0 Bibliography
Ababouch, L. & Busta, F.F. (1987). Effect o f thermal treatments in oil on bacterial spore 
survival. J. Appl. Bacteriol. 62: 491-502.
Adams, M.R. & M oss, M.O. (1995). Food Microbiology. The Royal Society o f Chemistry, 
Cambridge.
Advisory Committee on the Microbiological Safety of Food (1993). Report on Salmonella 
in Eggs. HMSO London.
Allan, B., Linseman, M., MacDonald, L.A., Lam, J.S. & Kropinski, A.M. (1988). Heat 
shock response o f Pseudomonas aeruginosa. J. Bacteriol. 170: 3668-3674.
Allwood, M.C. & Russell, A.D. (1967). Mechanism o f thermal injury in Staphylococcus 
aureus I. Relationship between viability and leakage. Appl. Microbiol. 15: 1266-1269.
Almiron, M., Link, A., Furlong, D. & Kolter, R. (1992). A  novel D N A  binding protein with 
regulatory and protective roles in starved E. coli. Genes Dev. 6: 2646-2654.
Ananthaswamy, H.N. & Eisenstark, A. (1977). Repair o f hydrogen peroxide-induced single­
strand breaks in Escherichia coli deoxyribonucleic acid. J. Bacteriol. 130: 187-191.
Anderson, W .A., Hedges, N .D ., Jones, M.V. & Cole, M.B. (1991). Thermal inactivation of  
Listeria monocytogenes studied by differential scanning calorimetry. J. Gen. Microbiol. 
137: 1419-1424.
Anderson, W .A., McClure, P.J., Baird-Parker, A.C. & Cole, M.B. (1996). The application 
o f a log-logistic model to describe the thermal inactivation o f Cl. botulinum 213B at 
temperatures below 121.1°C. J. Appl. Bacteriol. 80: 283-290.
158
Chapter 9 R e feren ces
Anellis, A, Libas, J. & Rayman, M.M. (1954). Heat resistance in liquid egg of some strains 
o f the genus Salmonella. Fd Res. 19: 377-395.
Anon (1988). Salmonella enteritidis phage type 4; chickens and eggs. The Lancet H; Sept. 
24: 720-722.
Anon (1992). PHLS-SVS: update on salmonella infection. Public Health Laboratory 
Service-State Veterinary Science. 10.
Atkinson, B. & Mavituna, F. (1991). Heat sterilization. In: Biochemical Engineering and 
Biotechnology Handbook. 2nd ed.: pp 817-826; Stockton Press, New York, NY.
Bainton, N.J., Bycroft, B.W ., Chhabra, S.R., Stead, P., Gledhill, L., Hill, P.J., Rees, C.E.D., 
Winson, M.K., Salmond, G.P.C., Stewart, G.S.A.B. & Williams, P. (1992). A  general role 
for the lux autoinducer in bacterial-cell signaling-control o f antibiotic biosynthesis in 
Erwinia. Gene 116: 87-91.
Baird-Parker, A.C. (1990). Foodbome salmonellosis. The Lancet 336; Nov. 24: 1231-1235.
Baird-Parker, A.C., Boothroyd, M. & Jones, E. (1970). The effect o f water activity on the 
heat resistance o f heat sensitive and heat resistant strains o f salmonellae. J. Appl Bacteriol 
33: 515-522.
Baker, R.M., Singleton, F.L. & Hood, M.A. (1983). Effects o f nutrient deprivation on 
Vibrio cholerae. Appl Environ. Microbiol. 46: 930-940.
Balke, V.L. & Gralla, J.D. (1987). Changes in the linking number o f supercoiled DNA  
accompany growth tr ansitions in Escherichia coli. J. Bacteriol 169: 4499-4506.
Ball, C.O. (1943). Short-time pasteurization o f milk. Ind. Eng. Chem. 35: 71-84.
159
Chapter 9 R e feren ces
Blackburn, C. de W. (1993). Rapid and alternative methods for the detection o f salmonellas 
in foods. J. Appl. Bacteriol. 75: 199-214.
Blackburn, C. de W., Curtis, L.M., Humpheson, L., Billon, C. & McClure, P.J. (in press). 
Development o f thermal inactivation models for Salmonella enteritidis and Escherichia coli 
0157:H 7 with temperature, pH and NaCl as controlling factors. Int. J. Fd Microbiol.
Blackburn, C. de W., Curtis, L.M., Humpheson, L. & Petitt, S.B, (1994). Evaluation o f the 
Vitek Immunodiagnostic Assay System (VIDAS) for the detection o f  Salmonella in foods. 
Lett. Appl. Microbiol. 19: 32-36.
Blackburn, C. de W. & Davies, A.R. (1994). Effect o f preconditioning on the growth and 
death o f pathogens in foods. Fd Tech. Int. Eur.: 37-40.
Blaser, M.J. & Newman, L.S. (1982). A  review o f human salmonellosis: I. infective dose. 
Rev. Infect. Dis. 4: 1096-1106.
Buchanan, R.L. (1993). Introduction. J. Ind. Microbiol. 12: 1.
Buchanan, R.L., Golden, M.H., Whiting, R.C., Phillips, J.G. & Smith, J.L. (1994). Non- 
thermal inactivation models for Listeria monocytogenes. J. Fd Sci. 59: 179-188.
Buchner, J. (1996). Supervising the fold - Functional principles o f molecular chaperones. 
FASEBJ. 10: 10-19.
Bukau, B. & Walker, G.C. (1989). Cellular defects caused by deletion o f the Escherichia 
coli dnaK gene indicate roles for heat shock protein in normal metabolism. J. Bacteriol. 
171: 2337-2346.
160
Chapter 9 R e feren ces
Casolari, A. (1994). About basic parameters o f food sterilization technology. Fd Microbiol. 
11: 75-84.
Cerf, O. (1977). Tailing o f survival curves o f bacterial spores. J. Appl. Bacteriol. 42: 1-19.
Chambers, R.M., McAdam, P., de Sa, J.D.H., Ward, L.R. & Rowe, B. (1987). A  phage 
typing scheme for Salmonella virchow. FEMS Microbiol. Lett. 40: 155-157.
Chang, B.S., Park, K.H. & Lund, D.B. (1988). Thermal inactivation kinetics o f horseradish 
peroxidase. J. Fd Sci. 53: 920-923.
Charm, S.E. (1958). The kinetics o f bacterial inactivation by heat. Fd Tech. 12: 4-8.
Chart, H., Rowe, B., Threlfall, E.J. & Ward, L.R. (1989). Conversion o f Salmonella 
enteritidis phage type 4 to phage type 7 involves the loss o f lipopolysaccharide with 
concommitant loss o f virulence. FEMS Microbiol. Lett. 60: 37-40.
Chick, H. (1910). The process o f disinfection by chemical agencies and hot water. J. Hyg. 
10: 237-286.
Cole, M.B. & Jones, M.V. (1990). A  submerged-coil heating apparatus for investigating 
thermal inactivation o f micro-organisms. Lett. Appl. Microbiol. 11: 233-235.
Cole, M.B., Davies, K.W., Munro, G., Holyoak, C.D. & Kilsby, D.C. (1993). A  vitalistic 
model to describe the thermal inactivation o f Listeria monocytogenes. J. Ind. Microbiol. 12:
232-239.
Condon, S., Garcia, M.L. & Sala, F.J. (1992). Effect o f culture age, pre-incubation at low  
temperature and pH on the thermal resistance o f Aeromonas hydrophilia. J. Appl. Bacteriol. 
72: 322-326.
161
C hapter 9 R e feren ces
Condon, S., Lopez, P., Oria, R. & Sala, F J . (1989). Thermal death determination: design 
and evaluation o f a thermoresistometer. J. Fd Sci. 54: 451-457.
Cronan, J.E. (1968). Phospholipid alterations during growth o f Escherichia coli. J. 
Bacteriol. 95: 2054-2061.
Corry, J.E.L. & Barnes, E.M. (1968). The heat resistance o f salmonellae in egg albumen. 
Brit. Poult. Sci. 9: 253-260.
Coyle, E.F., Ribero, C.D., Howard, A.J., Palmer, S.R., Jones, H.I., Ward, L.R. & Rowe, B. 
(1988). Salmonella enteritidis phage type 4 infection: association with hen’s eggs. The 
Lancet H; Dec. 3: 1295-1296.
Crockford, A.J., Davis, G.A. & W illiams, H.D. (1995). Evidence for cell-density-dependent 
regulation o f catalase activity in Rhizobium leguminosarum bv. phaseoli. Microbiology 141: 
843-851.
Craigie, J. & Yen, C.H. (1938). The demonstration of types o f B. typhosus by means o f  
preparation of type II Vi antigen. Can. J. Pub. Health 29: 448-463; 484-496.
D ’ Aoust, J.-Y. (1991). Pathogenicity o f foodbome Salmonella. Int. J. Fd Microbiol. 12: 17- 
40.
D ’Aoust, J.-Y., Emmons, D.B., McKellar, R., Timbers, G.E., Todd, E.C.D., Sewell, A.M. & 
Warburton, D.W. (1987). Thermal inactivation o f Salmonella species in fluid milk. J. Fd 
Prot. 50: 494-501.
Davey, K.R. (1993). Linear-Arrhenius models for bacterial growth and death and vitamin 
denaturations. J. Ind. Microbiol. 12: 172-179.
162
Chapter 9 R e feren ces
Davidson, CJVL, Boothroyd, M. & Georgala, D.L. (1966). Thermal resistance o f Salmonella 
senftenberg. Nature 212: 1060-1061.
De Ley, J. (1970). Reexamination o f the association between melting point, buoyant density, 
and chemical base composition o f deoxyribonucleic acid. J. Bacteriol. 101: 738-754.
Docherty, L., Adams, M.R., Patel. P. & McFadden, J. (1996). The magnetic immuno- 
polymerase chain reaction assay for the detection o f  Campylobacter in milk and poultry. 
Lett. Appl. Microbiol. 22: 288-292.
Dodd, C.E.R., Sharman, R.L., Bloomfield, S.F., Booth, I.R. & Stewart, G.S.A.B. (1997). 
Inimical processes: Bacterial self-destruction and sub-lethal injury. Trends Fd Sci. Technol. 
8: 238-241.
Donnelly, C.W., Briggs, E.H. & Donnelly, L.S. (1987). Comparison o f heat resistance o f  
Listeria monocytogenes in milk as determined by two methods. J. Fd Prot. 50: 14-17.
El-Gazzar, F.E. & Marth, E.H. (1992). Salmonellae, salmonellosis, and dairy foods: a 
review. J. Dairy Sci. 75: 2327-2343.
Elliker, P.R. & Frazier, W.C. (1938). Influence o f time and temperature o f incubation on the 
heat resistance o f Escherichia coli. J. Bacteriol. 36: 83-98.
Ellison, A., Anderson, W .A., Cole, M.B. & Stewart, G.S.A.B. (1994). Modelling the 
thermal inactivation o f Salmonella typhimurium using bioluminescence data. Int. J. Fd 
Microbiol. 23: 467-477.
Evans, C.G.T., Herbert, D. & Tempest, D.W . (1970). The continuous cultivation o f micro­
organisms 2. Construction of a chemostat. In: Methods in Microbiology vol 2: pp 277-327; 
ed. Norris, J.R. & Ribbons, D.W. Academic Press, London & New York.
163
Chapter 9 R e feren ces
Farber, J.M. & Brown, B.E. (1990). Effect o f prior heat shock on heat resistance o f Listeria 
monocytogenes in meat. Appl. Environ. Microbiol. 56: 1584-1587.
Fayet, O., Ziegelhoffer, T. & Georgopoulos, C. (1989). The groES and groEL heat shock 
gene products o f Escherichia coli are essential for bacterial growth at all temperatures. J. 
Bacteriol. 171: 1379-1385.
Foster, J.W. (1995). Low pH adaptation and the acid tolerance reposne o f Salmonella 
typhimurium. Crit. Rev. Microbiol. 21: 215-237.
Foster, J.W. & Spector, M.P. (1986). Phosphate-starvation regulon o f Salmonella 
typhimurium. J. Bacteriol. 166: 666-669.
Foster, J.W. & Spector, M.P. (1995). How Salmonella survive against the odds. Annu. Rev. 
Microbiol. 49: 145-174.
Fujikawa, H. & Itoh, T, (1996a). Tailing o f thermal inactivation curves o f Aspergillus niger 
spores. Appl. Environ. Microbiol. 62: 3745-3749.
Fujikawa, H. & Itoh, T. (1996b). Characteristics o f a multicomponent first-order model for 
thermal inactivation o f microorganisms and enzymes. Int. J. Fd Microbiol. 31: 263-271.
Gomez, R.F. & Sinskey, A.J. (1975). Effect o f aeration on mimal medium recovery o f  
heated Salmonella typhimurium. J. Bacteriol. 122: 106-109.
Goodson, M. & Rowbury, R.J. (1990). Habituation to alkali and increased u.v.-resistance in 
DNA repair-proficient and -deficient strains o f Escherichia coli grown at pH 9.0. Lett. Appl. 
Microbiol. 11: 123-125.
164
Chapter 9 R e feren ces
Gould, G.W. (1989). Heat-induced injury and inactivation. In: Mechanisms of action o f food 
preservation procedures: pp 11-42; ed. Gould, G.W. Elsevier Apllied Science, London & 
New York.
Grant, LR., Ball, H.J., Neill, S.D. & Rowe, M.T. (1996). Inactivation o f Mycobacterium 
paratuberculosis in cow ’s milk at pasteurization temperatures. Appl. Environ. Microbiol. 
62: 631-636.
Hanlins, J.H., Lombardi, S.J. & Slepecky, R.A. (1985). Heat and U V  light resistance o f  
vegetative cells and spores o f Bacillus subtilis Rec mutants. J. Bacteriol. 163: 774-777.
Hansen, N.H. & Riemann, H. (1963). Factors affecting the heat resistance o f nonsporing 
organisms. J. Appl. Bacteriol. 26: 314-333.
Henley, J.P. & Sadana, A. (1984). A  mathematical analysis o f enzyme stabilization by a 
series-type mechanism: influence o f chemical modifiers. Biotechnol. Bioeng. 26: 959-969.
Hinton, M. & Bale, J.A. (1994). Is Salmonella enteritidis PT4 a super bug? Fd Res. Int. 27:
233-235.
Hinton, M., Threlfall, E.J. & Rowe, B. (1990). The invasiveness o f different strains o f  
Salmonella enteritidis phage type 4 for young chickens. FEMS Microbiol. Lett. 70: 193-196.
Humphrey, T.J., Baskerville, A., Mawer, S., Rowe, B. & Hopper, S. (1989a). Salmonella 
entertidis phage type 4 from the contents o f intact eggs: a study involving naturally infected 
hens. Epidemiol Infect. 103: 415-423.
Humphrey, T.J., Greenwood, M., Gilbert, R.J., Rowe, B. & Chapman, P.A. (1989b). The 
survival of salmonellas in shell eggs cooked under simulated domestic conditions. 
Epidemiol. Infect. 103: 35-45.
165
Chapter 9 R e feren ces
Humphrey, T.J., Chart, H., Baskerville, A. & Rowe, B. (1991a). The influence o f age on the 
response o f SPF hens to infection with Salmonella entertidis PT4. Epidemiol Infect. 106: 
33-43.
Humphrey, T.J., Richardson, N.P., Gawler, A.H.L. & Allen, M.J. (1991b). Heat resistance 
o f  Salmonella enteritidis PT4: the influence o f prior exposure to alkaline conditions. Lett. 
Appl. Microbiol. 12: 258-260.
Hurst, A. (1977). Bacterial injury: a review. Can. J. Microbiol. 23: 935-944.
Hurst, A. & Hughes, A. (1978). Stability o f ribosomes o f Staphylococcus aureus S6  
sublethally heated in different buffers. J. Bacteriol. 133: 564-568.
Hurst, A., Hughes, A, Beare-Rogers, J.L. & Collins-Thompson, D.L. (1973). Physiological 
studies on the recovery o f salt tolerance by Staphylococcus aureus after heating. J. 
Bacteriol. 116: 901-907.
Iandolo, J.J. & Ordal, Z.J. (1966). Repair o f thermal injury o f Staphylococcus aureus. J. 
Bacteriol. 91: 134-142.
ICMSF (1980). Microbial ecology of foods vol 1: factors affecting life and death o f 
microorganisms. Academic Press, New York.
Jarvis, B. (1989). Statistical aspects o f the microbiological analysis o f foods. Prog. Ind. 
Microbiol, 21.
Jenkins, D.E., Chaisson, S.A. & Matin, A. (1990). Starvation-induced cross protection 
against osmotic challenge in Escherichia coli. J. Bacteriol. 172: 2779-2781.
166
C hapter 9 R e feren ces
Jprgensen, F., Nybroe, O. & Kn0chel, S. (1994). Effects o f starvation and osmotic stress on 
viability and heat resistance o f Pseudomonas fluorescens AH9. J. Appl Bacteriol. 77: 340- 
347.
Kauffman, F. (1966). The Bacteriology o f the Enterobacteriaceae. Munksgaard, 
Copenhagen.
Kates, M. & Hagen, P.-O. (1963). Influence o f temperatue on fatty acid composition o f  
psychrophilic and mesophilic Serratia species. Can. J. Biochem. 42: 481-488.
Katzin, L.I., Sandholzer, L.A. & Strong, M.E. (1943). Application o f the decimal reduction 
time principle to a study o f the resistance o f coliform bacteria to pasteurization. J. Bacteriol. 
45: 265-272.
Kenis, P.R. & Morita, R.Y. (1968). Thermally induced leakage o f cellular material and 
viability in Vibrio Marinus, a psychrophilic marine bacterium. Can. J. Microbiol. 14: 1239- 
1244.
Knabel, S.J., Walker, H.W., Hartman, P.A. & Mendonca, A.F. (1990). Effect o f growth 
temperature and strictly anaerobic recovery on the survival o f Listeria monocytogenes 
during pasteurization. Appl. Environ. Microbiol. 56: 370-376.
Knpchel, S. & Gould, G. (1995). Preservation microbiology and safety: Quo vadis? Trends 
FdSci. Tech. 6: 127-131.
Kolter, R., Siegele, D.A. & Torino, A. (1993). The stationary phase o f the bacterial life 
cycle. Annu. Rev. Microbiol. 47: 855-874.
Laidler, K.J. (1966). Reaction kinetics vol 1: Homogeneous gas reactions: 1st ed. reprint; 
Pergamon Press, London.
167
Chapter 9 R e feren ces
Lange, R. & Hengge-Aronis, R. (1991). Growth-phase regulated expression o f bolA and 
morphology o f stationary-phase Escherichia coli cells are controlled by the novel sigma 
factor Gs. J. Bacteriol. 173: 4474-4481.
Lange, R. & Hengge-Aronis, R. (1994). The cellular concentration o f the cf subunit of 
RNA-polymerase in Escherichia coli is controlled at the levels o f transcription translation 
and protein stability. Genes & Dev. 8: 1600-1612.
Latifi A., Foglino, M. Tanaka, K, W illiams, P. & Lazdunski, A. (1996). A hierarchical 
quorum-sensing cascade in Pseudomonas aeruginosa links the transcriptional activators 
LasR and RhiP (vsmR) to expression o f the stationary-phase sigmafactor rpoS. Mol. 
Microbiol. 21: 1137-1146.
Lee, A.C. & Goepfert, J.M. (1975). Influences o f selected solutes on thermally induced 
death and injury o f Salmonella typhimurium. J. Milk Fd Tech. 38: 195-200.
Lee, R.E. & Gilbert, C.A. (1918). On the application of the mass law to the process o f  
disinfection - being a contribution to the “mechanistic theory” as opposed to the “vitalistic 
theory”. J. Phy. Chem. 22: 348-372.
Le Minor, L. (1984). Salmonella. In: Bergey’s Manual of Systematic Bacteriology vol 1: ed. 
Krieg, N.R. & Holt, J.G. Williams and Wilkins: Baltimore and London.
Le Minor, L. & Popoff, M.Y. (1987). Designation of Salmonella enterica sp. nov., nom. 
rev., as the type and only species o f the genus Salmonella. Int J. Syst. Bacteriol. 37: 465- 
468.
Lemcke, R.M & White, H.R. (1959). The heat resistance o f Escherichia coli cells from 
cultures o f different ages. J. Appl. Bacteriol. 22: 193-201.
168
Chapter 9 R e feren ces
Lindquist, S. (1986). The heat-shock response. Annu. Rev. Biochem. 55: 1151-1191.
Linton, R.H., Pierson, M.D. & Bishop, J.R. (1990). Increase in heat resistance o f Listeria 
monocytogenes Scott A  by sublethal heat shock. J. Fd Prot. 53: 924-927.
Little, C.L., Adams, M.R., Anderson, W.A. & Cole, M.B. (1994). Application o f a log- 
logistic model to describe the survival o f Yersinia enterocolitica at sub-optimal pH and 
temperature. Int. J. Fd Microbiol. 22: 63-71.
Mackey, B.M. (1989). The incidence o f food poisoning bacteria in red meat and poultry in 
the United Kingdom. Fd Sci. Technol. Today 3: 246-249.
Mackey, B.M. & Derrick, C.M. (1986). Elevation o f the heat resistance o f Salmonella 
typhimurium by sublethal heat shock. J. Appl. Bacteriol. 61: 389-393.
Mackey, B.M. & Derrick, C.M. (1987a). Changes in the heat resistance of Salmonella 
typhimurium during heating at rising temperatures. Lett. Appl. Microbiol. 4: 13-16.
Mackey, B.M. & Derrick, C.M. (1987b). The effect o f prior heat shock on the 
thermoresistance o f Salmonella thompson in foods. Lett. Appl. Microbiol. 5: 115-118.
Mackey, B.M. & Derrick, C. (1990). Heat shock protein synthesis and thermotolerance in 
Salmonella typhimurium. J. Appl. Bacteriol. 69: 373-383.
Mackey, B.M., M iles, C.A., Parsons, S.E. & Seymour, D.A. (1991). Thermal denaturation 
o f whole cells and cell components o f Escherichia coli examined by differential scanning 
caloimetry. J. Gen. Microbiol. 137: 2361-2374.
169
C hapter 9 R e feren ces
Mackey, B.M., Parsons, S.E., M iles, C.A. & Owen, R.J. (1988). The relationship between 
the base composition o f bacterial DN A and its intracellular melting temperature as 
determined by differential scanning calorimetry. J. Gen. Microbiol. 134: 1185-1195.
Mackey, B.M. & Seymour, D.A. (1987). The effect o f catalase on recovery o f heat-injured 
DNA-repair mutants o f Escherichia coli. J. Gen. Microbiol. 133: 1601-1610.
Madsen, T. & Nyman, M. (1907). Zur theorie der desinfektion. Zeitschrift fiir Hygiene und 
Infekektionskrankheiten 57: 388-404.
Marr, A.G. & Ingraham, J.L. (1962). Effect o f temperature on the composition o f fatty acids 
in Escherichia coli. J. Bacteriol. 84: 1260-1267.
Matches, J.R. & Liston, J. (1968). Low temperature growth o f Salmonella. J. Fd Sci. 33: 
641-645.
McCann, M.P., Kidwell, J.P. & Matin, A. (1991). The putative cr factor KatF has a central 
role in development o f starvation-mediated general resistance in Escherichia coli. J. 
Bacteriol. 173: 4188-4194.
McClure, P.J., Blackburn, C. de W ., Cole, M .B., Curtis, P., Jones, J.E., Legan, J.D., Ogden, 
LD., Peck, M.W., Roberts, T.A., Sutherland, J.P. & Walker, S.J. (1994). The UK approach 
to modelling the growth, survival and death o f microorganisms in foods. Int. J. Fd 
Microbiol. 23: 265-275.
McGowan, S., Sebaihia, M, Jones, S., Yu, B., Bainton, N., Chan, P.F., Bycroft, B., Stewart, 
G.S.A.B., Williams, P. & Salmond, G.P.C. (1995). Carbapenem antibiotic production in 
Erwinia carotovora is regulated by carR, a homologue o f the LuxR transcriptional activtor. 
Microbiology 141: 541-550.
170
Chapter 9 R e feren ces
McKee, S. & Gould, G.W. (1988). A  simple mathematical model o f the thermal death o f  
microorganisms. Bull. Math. Biol. 50: 493-501.
Mendoza, J.A., Wilson, M., Joves, F. & Ackermann, E. (1996). Thermostabilization of  
enzymes by the chaperonin GroEL. Biotechnol. Techniques 10: 535-540.
M iles, C.A., Mackey, B.M. & Parsons, S.E. (1986). Differential scanning calorimetry o f  
bacteria. J. Gen. Microbiol. 132: 939-952.
Moats, W .A. (1971). Kinetics o f thermal death o f bacteria. J. Bacteriol. 105: 165-171.
Moats, W .A., Dabbah, R. & Edwards, V.M . (1971). Interpretation o f  nonlogarithmic 
survivor curves o f heated bacteria. J. Fd Sci. 36: 523-526.
Moseley, B.E.B. (1989). Ionizing radiation: action and repair. In: Mechanisms of action of 
food preservation procedures:; pp 43-70; ed. Gould, G.W. Elsevier Apllied Science, London 
& New York.
Mourgues. R., & Auclair, J. (1973). Duree de conservation a 4°C et 8°C du lait pasteurise 
conditionne aseptiquement. Lait 53: 481-490.
Moyer, C.L. & Morita, R.Y. (1989). Effect o f growth rate and starvation-survival on the 
viability and stability o f a psychrophilic marine bacterium. Appl. Environ. Microbiol. 55: 
1122-1127.
Ng, H., Bayne, H.G. & Garibaldi, J.A. (1969). Heat resistance o f Salmonella: the 
uniqueness o f Salmonella senftenberg 775W . Appl. Microbiol. 17: 78-82.
171
Chapter 9  R e feren ces
Noller, H.F. & Nomura, M. (1987). Ribosomes. In: Escherichia coli 125', ed. Neidhardt, 
F.C., Ingraham, J.L., Low, K.B., Magasanik, B., Schaechter M. & Umbarger, H.E. 
Washington DC, American Society for Microbiology.
Nystrom, T. & Kjelleberg, S. (1989). Role o f protein synthesis in the cell division and 
starvation induced resistance to autolysis o f a marine Vibrio during initial phases of 
starvation. J. Gen. Microbiol. 135: 1599-1606.
Orta-Ramirez, A., Price, J.F., Hsu, Y.-C., Veeramuthu, G.J., Cherry-Merritt, J.S. & Smith, 
D.M. (1997). Thermal inactivation o f Escherichia coli 0157:H 7, Salmonella senftenberg, 
and enzymes with potential as time-temperature indicators in ground beef. J. Fd Prot. 60: 
471-475.
Park, K.H., Kim, Y.M. & Lee, C.W. (1988). Thermal inactivation kinetics o f  potato tuber 
lipoxygenase. J. Agric. Fd Chem. 36: 1012-1015.
Pellon, J.R., Ulmer, K.M. & Gomez, R.F. (1980). Heat damage to the folded chromosome 
of Escherichia coli K-12. Appl. Environ. Microbiol. 40: 358-364.
Palumbo, S.A., Williams, A.C., Buchanan, R.L. & Phillips, J.G. (1987). Thermal resistance 
o f Aeromonas hydrophila. J. Fd Prot. 50: 761-764.
Rahn, O. (1945). Physical methods o f sterilization of microorganisms. Bacteriol. Rev. 9: 1- 
47.
Ray, B. (1986). Impact o f bacterial injury and repair in food microbiology: its past, present 
and future. J. Fd Prot. 49: 651-655.
172
Chapter 9 R e feren ces
Rippabelli, G .} Sammarco, M.L., Ruberto, A., Iannitto, G. & Grasso, G.M. (1997). 
Immunomagnetic separation and conventional culture procedure for detection o f naturally 
occurring Salmonella in raw pork sausages and chicken meat. Lett. Appl. Microbiol. 24: 
493-497.
Roberts, T. (1989). Human illness costs o f foodbome bacteria. Am. J. Agricultural. Econ. 
71: 468-474.
Roberts, J.A. & Sockett, P.N. (1992). The socio-economic impact o f human Salmonella 
enteritidis infection. Int. J. Fd Microbiol. 21: 117-129.
Schlesinger, M.J. (1986). Heat shock proteins: the search for functions. J. Cell Biol. 103: 
321-325.
Scholtens, R. (1962). A  sub-division o f Salmonella typhimurium into phage types based on 
the method o f Craigie and Yen: phages adaptable to species o f the B and D  groups o f  
Salmonella: phage adsorption as a diagnostic aid. Antonie van Leeuwenhoek 28: 373-381.
Sharp, J.C.M. (1986). Salmonella special: milk and dairy products. PHLS Microbiol. Dig. 3: 
28-31.
Sherman J.M. & Albus, W.R. (1923). Physiological youth in bacteria. J. Bacteriol. 8: 127- 
139.
Siegele, D.A. & Kolter, R. (1992). Life after log. J. Bacteriol. 174: 345-348.
Simonsen, B., Bryan, F.L., Christian, J.H.B., Roberts, T.A., Tompkin, R.B. & Silliker, J.H. 
(1987). Prevention and control o f food-borne salmonellosis through application o f Hazard 
Analysis Critical Control Point (HACCP). Int. J. Fd Microbiol. 4: 227-247.
173
Chapter 9 R e feren ces
Sitnikov, D.M ., Schineller, J.B. & Baldwin, T.O. (1996). Control o f cell-division in 
Escherichia coli - regulation o f transcription o f ftsQA involves both rpoS and sdiA-mediated 
autoinduction. Proc. Natl Acad. Sci. USA 93: 336-341.
Skinner, G.E., Larkin, J.W. & Rhodehamel, E.J. (1994). Mathematical modelling o f  
microbial growth: a review. J. Fd Safety 14: 175-217.
Spassky, A., Rimsky, S., Garreau, H. & Buc, H. (1984). H la , an E. coli DNA-binding 
protein which accumulates in stationary phase, strongly compacts D N A  in vitro. Nucleic 
Acids Res. 12: 5321-5340.
Spector M.P. (1990). Gene expression in response to multiple nutrient-starvation conditions 
in Salmonella typhimurium. FEMS Microbiol. Ecol. 74: 175-184.
Stephens, P.J. & Cole, M.B. (1994). Effect o f heating rate on the thermal inactivation of  
Listeria monocytogenes. J. Appl Bacteriol 77: 702-708.
Stumbo, C.R. (1973). Thermobacteriology in food processing; 2nd ed. Academic Press, 
New York & London.
Synnott, M., Morse, D.L., Maguire, H., Majid, F., Plummer, M, Leicester, M., Threlfall, E.J. 
& Cowden, J. (1993). An outbreak o f Salmonella mikawasima associated with doner 
kebabs. Epidemiol Infect. I l l :  473-481.
Taglicht, D., Padan, E., Oppenheim, A.B. & Schuldiner, S. (1987). An alkaline shift induces 
the heat shock response in Escherichia coli. J. Bacteriol. 169: 885-887.
Tal, M. (1969). Thermal denaturation o f enzymes. Biochem. 8: 424-435.
174
Chapter 9 R e feren ces
Tamaoki, T. & Miyazawa, F. (1966). Dissociation o f ribosomes at high temperatures. J. 
Mol. Biol. 17: 537-540.
Tempest, D.W . (1970). The continuous cultivation o f micro-organisms 1. Theory o f the 
chemostat. In: Methods in Microbiology vol 2: pp 259-276; ed. Norris, J.R. & Ribbons, 
D.W. Academic Press, London & New York.
The Microbiological Safety o f Food Part I (1990). Report o f the Committee on the 
Microbiological Safety o f Food. HMSO London.
The Microbiological Safety o f Food Part II (1991). Report o f the Committee on the 
Microbiological Safety o f Food. HMSO London.
Threlfall, E.J. & Chart, H. (1993). Interrelationships between strains o f Salmonella 
enteritidis. Epidemiol. Infect. I l l :  1-8.
Threlfall, E.J., Chart, H., Ward, L.R., de Sa J.D.H. & Rowe, B. (1993) Interrelationships 
between strains o f Salmonella enteritidis belonging to phage types 4, 7, 7a, 8, 13, 13a, 23, 
24 and 30. J. Appl Bacteriol. 75: 43-48.
Tomlins, R.I. & Ordal, Z.J. (1971). Precursor ribosomal nucleic acid and ribosme 
accumulation in vivo during the recovery o f Salmonella typhimurium from thermal injury. J. 
bacteriol. 107: 134-142.
Tomlins, R.I., Vaaler, G.L. & Ordal, Z.J. (1972). Lipid biosynthesis during the recovery o f  
Salmonella typhimurium from thermal injury. Can. J. Microbiol. 18: 1015-1021.
Usera, M .A., Popovic, T., Bopp, C.A. & Strockbine, N.A. (1994). Molecular subtyping of 
Salmonella enteritidis phage type 8 strains from the United States. J. Cl. Microbiol. 32: 194- 
198.
175
Chapter 9 R e feren ces
Vamam, A.H. & Evans, M.G. (1991). Salmonella In: Foodborne Pathogens An Illustrated 
Text: pp 51-85. W olfe Publishing, London.
Vas, K. & Proszt, G. (1957). Observations on the heat destruction o f spores o f Bacillus 
cereus. J. Appl. Bacteriol. 21: 431-441.
Verrips, C.T. & Kwast, R.H. (1977). Heat resistance o f Citrobacter freudii in media with 
various water activities. Fur. J. Appl. Microbiol. 4: 225-231.
Vieu, J.H., Hassan-Massoud, B., Klein, B. & Leherissey, M. (1981). Bacteriophage typing 
and biotyping o f Salmonella montevideo. In: Salmonella and Salmonellosis. Int. Symp. Eur. 
Fed. Microbiol. Soc. Istanbul.
Ward, L.A., de Saxe, J.D.H. & Rowe, B. (1987). A  phage typing scheme for Salmonella 
enteritidis. Epidemiol. & Infect. 99: 291-294.
Whitaker, R.D. & Batt, C.A. (1991). Characterization o f the heat shock reponse in 
Lactococcus lactis subsp. lactis. Appl. Environ. Microbiol. 57: 1408-1412.
White, H.R. (1953). The heat resistance o f Streptococcus faecalis. J. Gen. Microbiol. 8: 27- 
37.
Williams, P., Bainton, N.J., Swift, S., Chhabra, S.R., Winson, M.K., Stewart, G.S.A.B., 
Salmond, G.P.C. & Bycroft, B.W . (1992). Small molecule-mediated density-dependent 
control o f gene expression in prokaryotes - bioluminescence and the biosynthesis o f  
carbapenem antibiotics. FEMS Microbiol. Lett. 100: 161-167.
Winter, A.R., Stewart, G.F., McFarlene, V.H. & Solowey, M. (1946). Pasteurization of 
Salmonella in liquid whole egg. Am. J. Pub. Health.36: 451-460.
176
Chapter 9 R e feren ces
Withell, E.R. (1942). The significance o f the variation in shape o f time-survivor curves. J. 
Hyg. (Cambridge) 42: 124-132.
World Health Organisation (1989). Consultation on epidemiological emergency in poultry 
and egg salmonellosis. Mar. Geneva WHO.
World Health Organisation (1992). Surveillance programme for the control o f foodbome 
infections and intoxications in Europe. Newsletter no. 31, Feb. Geneva WHO.
Wyber, J.-A. Andrews, J. & Gilbert, P. (1994). Loss o f salt-tolerance and transformation 
efficiency in Escherichia coli associated with sub-lethal injury by centrifugation. Lett. Appl. 
Microbiol. 19: 312-316.
Xavier, U .  & Ingham, S. (1993). Increased D-values for Salmonella enteritidis resulting 
from the use o f anaerobic enumeration methods. Fd Microbiol. 10: 223-228.
Yamamori, T. & Yura, T. (1982). Genetic control o f heat-shock protein synthesis and its 
bearing on growth and thermal resistance in Escherichia coli K-12. Proc. Natl Acad. Sci. 
USA 79: 860-864.
Yura, T., Nagai, H. & Mori, H. (1993). Regulation of the heat-shock response in bacteria. 
Annu. Rev. Microbiol. 47: 321-350.
Zeilstra-Ryalls, J., Fayet, O. & Georgopoulos, C. (1991). The universally conserved GroE 
(Hsp60) chaperonins. Annu. Rev. Microbiol. 45: 301-325.
Zietara, M.S. & Skorkowski, E.F. (1995). Thermostability o f lactate-dehydrogenase LDH- 
A(4) isoenzyme - effect o f heat-shock protein dnaK on the enzyme activity. Int. J. Biochem. 
Cell Biol. 27: 1169-1174.
177
